Sulfate Resistance of Nanosilica Contained Portland Cement Mortars by Batilov, Iani Batilov
UNLV Theses, Dissertations, Professional Papers, and Capstones
December 2016
Sulfate Resistance of Nanosilica Contained
Portland Cement Mortars
Iani Batilov Batilov
University of Nevada, Las Vegas, batilovi@unlv.nevada.edu
Follow this and additional works at: http://digitalscholarship.unlv.edu/thesesdissertations
Part of the Civil Engineering Commons, Engineering Science and Materials Commons, and the
Materials Science and Engineering Commons
This Thesis is brought to you for free and open access by Digital Scholarship@UNLV. It has been accepted for inclusion in UNLV Theses, Dissertations,
Professional Papers, and Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Batilov, Iani Batilov, "Sulfate Resistance of Nanosilica Contained Portland Cement Mortars" (2016). UNLV Theses, Dissertations,




























































The Graduate College 
The University of Nevada, Las Vegas 
        
November 18, 2016 
This thesis prepared by  
Iani B. Batilov 
entitled  
Sulfate Resistance of Nanosilica Contained Portland Cement Mortars 
is approved in partial fulfillment of the requirements for the degree of 
Master of Science in Engineering – Civil and Environmental Engineering 
Department of Civil and Environmental Engineering and Construction                
Nader Ghafoori, Ph.D.    Kathryn Hausbeck Korgan, Ph.D. 
Examination Committee Chair     Graduate College Interim Dean 
 
Samaan Ladknay, Ph.D. 
Examination Committee Member 
        
Mohamed S. Kaseko, Ph.D. 
Examination Committee Member 
 
Mohamed Trabia, Ph.D. 














costly	 repairs	 or	 replacement.	 Sulfate	 attack	 is	 a	 slow	 acting	 deteriorative	 phenomenon	 that	 can	
result	in	cracking,	spalling,	expansion,	increased	permeability,	paste‐to‐aggregate	bond	loss,	paste	





expansion,	 when	 paired	 with	 cements	 of	 varying	 tricalcium	 aluminate	 (C3A)	 content	 and	 Blaine	
fineness,	and	compare	it	to	that	of	mS.	Mortars	were	also	made	with	combined	cement	replacement	
of	equal	parts	nS	and	mS	to	identify	if	they	were	mutually	compatible	and	beneficial	towards	sulfate	
resistance.	 Besides	 sulfate	 attack	 expansion	 of	 mortar	 bars,	 the	 testing	 program	 included	
investigations	 into	 transport	 and	 microstructure	 properties	 via	 water	 absorption,	 sulfate	 ion	
permeability,	 porosimetry,	 SEM	 with	 EDS,	 laser	 diffraction,	 compressive	 strength,	 and	 heat	 of	







































































































































































































































































































































































































































































the	US	are	estimated	 to	be	between	$18	and	$21	billion	 (ICRI	2006).	Structures	 found	 lacking	 in	
durability,	that	have	experienced	untimely	deterioration	under	hostile	environments	have	also	been	
the	 subject	 of	 expensive	 litigation	 (Skalny	 et	 al.	 2002).	Development	 of	 durable	 concrete	 lessens	
concrete’s	environmental	impact	by	both	reducing	the	amount	of	virgin	cement	used	and	prolonging	









been	 a	 surge	 of	 interest	 in	 nanomaterials	 and	 their	 potential	 applications	 in	 producing	 high	
performance,	sustainable,	and	durable	concrete.	Nanosilica	has	become	particularly	popular.	This	
attention	 is	 due	 to	 the	 material’s	 fine	 particle	 size	 and	 aggressive	 pozzolanic	 nature.	 The	 high	



















many	 forms,	 reactions,	 and	mechanisms	 of	 deterioration.	 Sources	 of	 sulfates	 are	 described,	 both	
those	 introduced	 internally	 and	 those	 concrete	may	 encounter	 externally.	 The	multiple	 forms	 of	
chemical	sulfate	attack	are	covered	with	a	more	elaborate	discussion	of	 the	conventional	 form	of	
sulfate	 attack.	 The	 conventional	 form	 of	 chemical	 sulfate	 attack	 centers	 around	 the	 chemical	
reactions	 between	 the	 sulfate	 ions	 and	 the	 hydrated	 cement	 compounds	 to	 form	 ettringite	 and	





















Chapter	 4	 |	 This	 is	 the	 first	 manuscript	 chapter.	 Its	 objective	 was	 presenting	 a	 side‐by‐side	
comparison	 study	 intended	 to	 identify	 the	 effects	 of	 nanosilica	 (nS)	 on	 chemical	 sulfate	 attack	
resistance	 of	 Portland	 cement	 (PC)	 mortars	 and	 its	 effectiveness	 in	 comparison	 to	 similar	







resistance	 of	 mortars.	 Results	 from	 several	 Phase	 I	 mortar	 mixtures	 with	 incrementally	 higher	
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exposure	environments	 intended	to	simulate	physical	 form	of	sulfate	attack.	The	objective	of	 this	










































but	 a	 category	 of	 complex	 and	 overlapping	 chemical	 and	 physical	 phenomena	 that	 stem	 from	
























A	more	 likely	 internal	 source	of	 excessive	 sulfates	might	 come	 from	an	 aggregate	used	 that	may	
unknowingly	contain	sulfates	(such	as	gypsum)	or	sulfides	(such	as	iron	sulfide).	Iron	sulfide,	also	































encounter	 pockets	 of	 crystalline	 gypsum	 or	 bands	 of	 certain	 sulfate	 compound	 deposits.	 Sulfate	




evaporation	 of	 top	 soil	moisture	 (Hewlett	&	Massazza	 2003).	 Construction	 activities	 can	 disrupt	
deposits	 and	 expose	 sulfide	minerals	 such	 as	 pyrite	 [FeS2]	 to	 air,	 which	 can	 oxidize	 into	 sulfate	
minerals.	Its	rate	of	oxidation	can	be	accelerated	in	high	pH	conditions	such	as	those	present	in	close	































reactions	between	sulfates	and	 the	hydrated	cement	phases,	 the	deteriorative	effects	of	 chemical	
sulfate	attack	can	be	physical	in	nature.	The	observable	effects	of	sulfate	attack	are	sometimes	said	
to	 stem	 from	 physiochemical	 reactions.	 The	 physical	 form	 of	 sulfate	 attack	 discussed	 later	 is	
























AFt	 phases	 contain	 three	 SO4	 groups;	 the	 F	 stands	 for	 iron	 [Fe]	 which	 can	 partially	 replace	 the	
aluminum	in	these	hydrated	phases	(Winter	2012a;	Skalny	et	al.	2002).		The	reactions	described	next	


























formed	 access	 from	 sulfate	 attack	 induced	 cracks.	 This	 conventional	 form	 of	 sulfate	 attack	 will	
continue	producing	ettringite	and/or	gypsum	as	 long	as	 there	 is	 a	 constant	and	steady	supply	of	
sulfate	ions	and	removal	of	the	sodium	hydroxide	[NaOH].	If	NaOH	or	a	similar	alkali	by‐product	of	
the	reaction	between	 the	sulfate	salts	and	hydrated	cement	paste	accumulates,	 the	reactions	will	
reach	an	equilibrium	dependent	 on	 the	 sulfate	 concentration	 (Neville	1998).	 In	 the	 case	of	 a	 5%	
sodium	sulfate	solution,	approximately	1/3	of	the	[SO42‐]	ions	will	deposit	as	calcium	sulfate	when	
equilibrium	is	reached	(Hewlett	&	Massazza	2003).	In	scenarios	where	there	is	flowing	water	high	in	




























Progressively,	 the	 aluminate	 phase	 is	 replaced	 with	 ettringite	 and	 since	 the	 oriented	 acicular	
crystalline	structure	and	configuration	of	the	ettringite	formed	is	of	larger	volume	than	the	aluminate	
phase	that	hosted	it,	there	is	an	overall	expansion	effect	(Neville	1998;	Odler	1991).	This	approach	is	















There	 is	a	hypothesis	that	gypsum	will	continue	to	 form	in	 the	pore	system	of	hydrated	Portland	
cement	and	lead	to	expansion	provided	the	pore	solution	continues	to	meet	a	certain	supersaturation	
of	 calcium	and	sulfate	 ions	 (Odler	1991).	 Such	expansion	 is	 also	based	on	 the	 topo‐chemical	 and	
oriented	 crystal	 growth	 theory	where	 gypsum	 crystals	 are	 precipitated	 from	 a	 sulfate	 saturated	
solution	perpendicular	to	the	crystalline	CH	surface	(Skalny	et	al.	2002).	Then	again,	the	formation	
of	 gypsum	 in	 the	presence	 of	 sulfates	may	 just	 be	 a	 by‐product	 of	 the	 dissolution	 of	 the	CH	 and	
decalcification	of	C‐S‐H	that	leads	to	loss	of	strength	and	cohesion.	Gypsum	then	simply	serves	as	a	





































body	of	 research	 suggests	 that	 it	 is	possible	both	 topo‐chemical	 and	oriented	crystal	 growth	and	
swelling	mechanisms	may	act	 in	parallel	 to	contribute	 to	 the	total	expansion	caused	by	ettringite	
(Mehta	1993;	Neville	1998).	This	is	supported	by	more	evidence	presented	by	Rosetti	et	al	(Rosetti	
et	 al.	 1982)	 that	 the	 swelling	 effect	 of	 ettringite	 alone	 is	 unable	 to	 explain	 the	 total	 expansion	






































































phases	 and	 prevents	 an	 undesired	 premature	 stiffening	 of	 the	 paste	 referred	 to	 as	 a	 “flash	 set”.	
Gypsum	reacts	with	the	aluminate	and	ferrite	phases	to	form	a	hydration	retarding	semipermeable	
layer	 of	 ettringite	 around	 them	 during	 those	 early	 stages	 of	 hydration	 and	 slows	 down	 their	
otherwise	very	fast	rate	of	reaction	(Brown	&	Taylor	1999).	Once	the	gypsum	supplied	sulfate	has	
been	exhausted,	 the	ettringite	 formed	during	this	early	hydration	period	converts	to	monosulfate	
(Dyer	 2014).	 The	 cause	 of	 delayed	 ettringite	 formation	 (DEF)	 is	 due	 to	 the	 low	 decomposition	




by	 the	 C‐S‐H	 phases	 and	 some	 forms	 into	 poorly	 crystalline	 monosulfate	 or	 syngenite	



























the	hydrated	cement	phases.	That	 is	what	differentiates	physical	 sulfate	attack	 from	 the	multiple	




























The	 distress	 mechanism	 of	 PSA	 based	 on	 sodium	 sulfate	 stems	 from	 this	 salt’s	 cyclic	 phase	




this	phase	 transition	 generates	 can	 range	 anywhere	 from	10	 to	20	MPa	 (1450‐2900	psi),	well	 in	
excess	of	the	tensile	strength	of	most	stones	and	concrete	(Flatt	2002).	The	damage	mechanism	relies	
on	 cycles	 of	 impregnation	 and	 drying	 that	 accumulate	 a	 threshold	 level	 of	 thenardite	 at	 the	
subsurface	 evaporative	 front.	 When	 water	 fills	 this	 now	 thenardite	 rich	 area,	 dissolution	 of	 the	
thenardite	 creates	 a	 solution	 supersaturated	 in	 respect	 to	 mirabilite.	 At	 that	 point,	 mirabilite	













line.	 The	 exposed	 concrete	 foundation	 slab	 in	Figure	1‐9	 exhibits	 distinctive	 scaling	 due	 to	 PSA.	
Factors	that	influence	the	degree	of	PSA	are	the	supply	rate	and	concentration	of	the	sulfate	solution,	
location	of	the	evaporative	front,	the	concrete	pore	size	distribution,	and	its	tensile	strength	(Haynes	

















study,	 various	 types	 of	 cement,	 tested	with	 difference	 cement	 contents	 and	water‐cement	 ratios	
















There	 is	a	correlation	 that	a	higher	cement	C3S/C2S	ratio	can	make	a	cement	more	susceptible	 to	






















(GGBFS),	 silica	 fume,	 and	 other	 artificial	 or	 natural	 cementitious	 or	 pozzolanic	 admixtures	 is	 an	









and	 ferrosilicon	 alloys	 have	become	major	 sources	of	 these	mineral	 admixtures	 that	would	have	







content	 from	 10%	 to	 more	 than	 30%	 (Kosmatka	 &	Wilson	 2016).	 Class	 C	 fly	 ash	 is	 considered	
partially	cementitious	due	to	the	reactive	calcium	content	present	in	its	composition	generally	in	the	
forms	 of	 tricalcium	 aluminate	 [C3A],	 anhydrite	 [CSጟ ],	 and	 tetracalcium	 trialuminosulfate	 [C4A3Sጟ ]	
(Mehta	&	Monteiro	2006).	There	is	also	a	low‐calcium	fly	ash,	designated	as	Class	F	by	ASTM	C	618,	
that	 is	mostly	 siliceous.	Class	C	 fly	ash	when	 in	 conformance	 to	ASTM	C	618	has	at	 least	50%	of	
combined	content	of	silicon	[SiO2],	aluminum	[Al2O3],	and	ferric	oxide	[Fe2O3].	For	Class	F	fly	ash,	that	




al.	 2000).	Only	 class	 F	 fly	 ash	 is	 recommended	 for	 sulfate	 resistance	 as	 the	 high‐calcium	Class	 C	
variety	will	serve	as	another	source	of	calcium	ions	for	reaction	in	the	presence	of	sulfate	ions.	As	
reported	 in	comparison	studies,	use	of	high‐calcium	fly	ash	can	 lead	to	more	expansion	than	that	
observed	with	 cement	only	 samples	 (Ferraris	 et	 al.	2006).	Low‐calcium	 fly	 ash	addition	will	 also	
reduce	the	permeability	of	the	paste	due	to	its	fine	sized	particles	acting	as	a	filler	and	the	formation	
of	secondary	C‐S‐H	that	will	have	a	void	filling	effect	(Dyer	2014).	The	total	CH	available	in	the	matrix	
will	 also	be	 reduced	by	 replacing	 the	 cement	used	 in	 the	mixtures,	 as	 fly	 ash	 is	 typically	used	 to	
29	
	






rapidly	cooled	 to	 form	glass	granules	 that	when	ground	to	a	powder	of	400	 to	500	m2/kg	Blaine	
fineness	 exhibit	 good	 cementitious	 and	 pozzolanic	 properties	 (Mehta	 &	 Monteiro	 2006).	 The	
behavior	 of	 GGBFS	 is	 similar	 to	 high‐calcium	 fly	 ash,	 although	 the	 former	 has	 been	 in	 concrete	























The	 water‐to‐cement	 (w/c)	 ratio	 (or	 water‐to‐binder	 ratio)	 of	 a	 mix	 design	 is	 one	 of	 the	 most	
influential	factors	on	the	total	porosity	and	pore	size	distribution	(Skalny	et	al.	2002).	Through	his	
research,	T.	C.	Powers	(Powers	1958)	demonstrated	a	strong	correlation	between	increasing	the	w/c	
and	 an	 increase	 in	 the	 total	 porosity	 as	 shown	 in	 Figure	 1‐11.	 As	 the	 curve	 shows,	 there	 are	
exponential	increases	in	the	permeability	at	w/c	above	0.45‐0.50.	The	reduction	in	total	porosity	and	



















the	 years,	 cement	manufacturers	 have	 been	 generally	 increasing	 fineness	 of	 all	 cement	 types	 to	
32	
	
increase	 early	 strength	 (Skalny	 et	 al.	 2002).	 Increasing	 the	 fineness	 of	 the	 cement	 increases	 the	
reactive	area	of	the	cement	particles	during	hydration	and	results	in	a	grain	refinement	effect	(Mehta	
&	Monteiro	2006).	This	makes	these	cements	more	capable	of	binding	free	ions	such	as	chloride	and	
sulfate	 in	 large	 part	 due	 to	 the	 reactive	 nature	 of	 aluminates	 (Richardson	 2002).	 Increasing	 the	
fineness	of	 the	cement	exposes	a	 larger	portion	of	 the	C3A	phase	that	can	react	with	sulfates	and	





















design.	 Balancing	 performance	 and	 cost,	 controlling	 application	 specific	 properties,	 increasing	
durability,	 increasing	sustainability,	 lowering	maintenance	costs,	and	extending	the	service	 life	of	
structures	 are	 among	 the	many	growing	demands	of	modern	day	 concrete	designs	 (Skalny	 et	 al.	
2002).	 This	 has	 resulted	 in	 chemical	 and	 mineral	 admixtures	 having	 an	 ever	 growing	 role	 in	























calcium	silicate	hydrate	 (C‐S‐H)	phases	 that	possess	cementitious	properties	 (Neville	1998).	This	
makes	pozzolans	a	desirable	material	because	 they	can	 take	 the	CH	phase,	 that	otherwise	has	no	
cementitious	value	to	the	matrix	besides	maintaining	a	high	pH	that	keeps	the	C‐S‐H	phase	stable,	











This	 could	 be	 beneficial	 if	 developing	 excessive	 internal	 temperatures	 due	 to	 hydration	 in	mass	






































densified	 powder,	 a	water	 based	 slurry,	 or	 in	 a	 densified/compacted	 powder	 form	 (Kosmatka	&	
Wilson	2016).	Certain	cement	manufacturers	also	offer	blended	cements	where	silica	 fume	could	










Kristiansand,	Norway.	Most	of	 the	 research	on	 silica	 fume	and	 its	properties	was	done	 in	Nordic	
countries	and	its	first	structural	application	was	also	in	Norway	in	1971	(Kosmatka	&	Wilson	2016).	
Improvements	in	strength	and	observed	durability	against	sulfate	exposure	comparable	to	sulfate‐
resisting	cement	mixtures	were	among	the	 first	 identified	benefits	of	silica	 fume	 from	the	testing	
done	in	the	1950s	(Hewlett	&	Massazza	2003).	The	US	Army	Corps	of	Engineers	first	opted	to	use	





































Portland	 cement	phases	C3S,	C2S,	 and	C4AF	due	 to	 its	 high	 surface	 area	 and	pozzolanic	 reactivity	
(Siddique	 &	 Khan	 2011;	 Kurdowski	 &	 Nocuń‐Wczelik	 1983).	 In	 the	 presence	 of	 CH,	 mS	 starts	
dissolving	to	create	a	condition	where	there	is	a	supersaturation	of	silica	in	respect	to	a	silica‐rich	
phase	that	starts	forming	at	the	surface	of	the	mS	particles.	At	that	point,	the	partially	dissolved	mS	







reactive	 amorphous	 nature,	 mS	 can	 contribute	 to	 the	 compressive	 strength	 early	 on	 as	 well	





in	 tensile	 and	 flexure	 strength	 relatively	 proportional	 to	 those	 seen	 for	 compressive	 strength	
(Hewlett	&	Massazza	2003).	
	
























improves	 the	 particle	 packing	 of	 hardened	 concrete	 by	 occupying	 the	 spaces	 in	 between	 cement	
grains,	not	unlike	how	cement	grains	occupy	 the	spaces	between	 the	 fine	aggregate,	and	 the	 fine	
aggregate	occupies	the	spaces	between	the	coarse	aggregate	(ACI	Committee	234	2006).	This	particle	
packing	effect	requires	that	the	surface	forces	of	particles,	which	increase	as	particle	fineness	enters	
the	 macro	 and	 nano‐range,	 are	 reduced	 by	 a	 sufficient	 dose	 of	 water	 reducing	 admixture	 (ACI	
Committee	234	2006).	This	phenomenon	has	been	proven	in	testing	of	mixtures	with	5%	or	less	mS	
cement	replacement	by	observing	a	measurable	reduction	in	water	demand	due	to	mS	occupying	the	
space	 between	 the	 cement	 particles	 which	would	 have	 otherwise	 been	 filled	with	water	 (Bache	
1981).	The	primary	physical	effect	of	mS	on	the	microstructure	of	hardened	paste	is	its	densification	
and	 porosity	 reduction	 at	 the	 cement	 paste‐aggregate	 transition	 zone	 also	 referred	 to	 as	 the	
interfacial	 transition	 zone	 (ITZ)	 since	 it	 also	 applies	 for	 other	 wall	 and	 barrier	 conditions	 (ACI	
Committee	234	2006).	The	ITZ	is	a	zone	approximately	50	μm	that	forms	between	the	cement	paste	
and	boundary	conditions,	such	as	the	aggregate.	This	zone	is	generally	weaker	in	strength,	shown	to	
be	 more	 porous,	 and	 exhibits	 poorer	 particle	 packing	 than	 that	 of	 the	 bulk	 cement	 paste	 (ACI	
Committee	234	2006).	More	of	the	CH	phase	precipitates	in	this	region	and	it	tends	to	precipitate	in	


















The	 chemical	 effects	 of	 mS	 stem	 from	 its	 pozzolanic	 reactivity	 as	 discussed	 in	 the	 section	 on	
Pozzolans.	The	pozzolanic	reaction	mechanism	of	mS	and	its	hydration	in	cement	pastes	is	commonly	













The	 sulfate	 resistance	 of	 concrete,	 mortars,	 and	 pastes	 can	 be	 significantly	 increased	 with	 the	
addition	 of	mS.	 Both	 the	 physical	 and	 chemical	 effects	 of	mS	 discussed	 in	 the	 previous	 sections	
contribute	 to	 its	 resistance	 to	 sulfate	 attack.	 The	 primary	mechanism	 via	which	mS	 reduces	 and	
prevents	 sulfate	 attack	 is	 attributed	 to	 its	 ability	 to	 decrease	 the	 total	 permeability	 of	 the	























process	 that	 can	be	done	at	 room	 temperatures	 (Quercia	&	Brouwers	2010).	The	process	entails	
adding	 starting	 materials,	 often	 sodium	 silicate	 [Na2SiO4]	 paired	 with	 organometallics	 such	 as	


























In	a	rheological	 study	where	nS	of	9nm	APS	and	SSA	of	300	m2/g	present	 in	30%	wt.	 slurry	was	
compared	against	mS	with	a	SSA	of	18.41	m2/g,	plasticity	was	measured	via	a	mortar	flow	table	and	
rheometer	(L.	Senff	et	al.	2009).	Increases	in	torque	measured	with	the	rheometer	and	reduction	in	













it	has	also	been	very	effective	at	preventing	segregation	of	aggregates.	 It	 is	actually	used	 in	high‐
performance	and	self‐compacting	concretes	mainly	as	an	anti‐bleeding	agent	 (Kontoleontos	et	 al.	
2012).	By	increasing	the	cohesiveness	and	internal	friction	of	the	mix,	its	tendency	to	segregate	is	






In	 one	 study	on	mortars,	 just	 2.5%	nS	by	weight	 of	 cement	 reduced	 the	 setting	 time	by	60%	by	
shortening	the	dormant	period	(Luciano	Senff	et	al.	2009).	The	reduction	in	the	setting	time	has	been	







































For	 optimal	 strength	 contributing	 nucleation	 and	 paste	 densification	 effects	 to	 take	 place,	 good	
dispersion	of	the	nS	particles	is	important	otherwise	weak	zones	and	voids	could	form	compromising	
strength	 and	 permeability	 (Li	 et	 al.	 2004).	 The	microstructural	 and	 pozzolanic	 effects	 of	 nS	 are	
reported	 to	 increase	 the	 compressive	 and	 flexural	 strength	 in	 concretes,	 mortars,	 and	 pastes	 in	
numerous	 studies	 (Singh	 et	 al.	 2013;	 Sanchez	&	 Sobolev	 2010).	 There	 is	 broad	 variability	 in	 the	


























ages	 up	 to	 7	 days	 and	 calculated	 a	 smaller	 capillary	 coefficient	 of	 the	 nS	 contained	 mixture	 in	
comparison	to	the	OPC	control.	Tobón	et	al.	tested	the	porosity	and	capillary	suction	via	absorption	
of	5%	MgSO4	solution,	of	5	and	10%	nS	contained	mortars	versus	a	control	(Tobón	et	al.	2015).	They	









From	 the	mercury	 intrusion	 porosimetry	 (MIP)	 testing,	 Tobón	 et	 al.	 found	 that	 pore	 refinement	
resulting	in	the	decrease	of	capillary	pores	10	nm	in	diameter	and	larger	was	achieved	with	10%	nS,	
































and	 a	 50	 nm/>80	 m2/g	 nS	 in	 a	 50%	 wt.	 aqueous	 dispersion.	 The	 sulfate	 resistance	 of	 nS	 was	
measured	separately	against	other	mineral	admixtures	used	at	higher	dosages	including:	6‐12%	mS,	
15‐45%	fly	ash	(FA),	and	20‐60%	slag	(GGBFS).	Per	ACI	durability	guidelines	(ACI	Committee	201	




to	 achieve	 the	 same	 effect.	 FA	 and	 GGBFS	mixtures	 also	 performed	well	 but	 at	 the	much	 higher	
replacements.	 In	 Figure	 2‐8	 from	 that	 study,	 showing	 the	 relative	 expansion	 of	 the	 mineral	
admixture	 containing	mortars	 against	 that	 of	 the	 control	 for	 internal	 sulfate	 attack	 by	 a	 2%	SO3	
contaminated	sand,	the	strong	performance	of	nS	at	much	smaller	doses	can	be	observed.	In	Figure	
2‐9,	 showing	 the	3,	 6,	 and	12	month	 expansion	of	 control	 and	 the	mineral	 admixture	 containing	


















paste	 and	 ITZ	densification	 and	pore	 size	 refinement.	Nevertheless,	 the	 pozzolanic	 reactions	 still	

























paired	 with	 cements	 of	 different	 types.	 Particular	 attention	 was	 made	 to	 selecting	 cements	 of	











ASTM C 150 Designation Type V Type I/II Type III 
Chemical Composition       
Silicon Dioxide (SiO2), % 21.7 21.1 20.8 
Aluminum Oxide (Al2O3), % 4.1 4 5.4 
Ferric Oxide (Fe2O3), % 4.0 2 1.2 
Calcium Oxide (CaO), % 63.2 62.7 63.5 
Magnesium Oxide (MgO), % 2.8 2.1 2.7 
Sulfur Trioxide (SO3), % 1.8 2.8 3.3 
Loss on Ignition, % 0.7 1.8 1.2 
Insoluble Residue, % 0.1 0.71 0.1 
Total Alkali (Na2O + K2O), % 0.46 0.59 0.44 
Free Lime (CaO), % 0.8 0 0.8 
Physical Properties       
Time of Set Initial Vicat, min 150 145 70 
Specific Surface Area, m2/kg 285a 341a 546a 
325 Mesh (45 μm), % passing 72.9 -- 99.7 
Avg. Particle Size (APS), μm 35-45b 20-30b 15-20b 
Per Bogue Calculationc       
Tricalcium Silicate (C3S), % 54.0 57.0 53.0 
Dicalcium Silicate (C2S), % 21.5 17.5 19.6 
Tricalcium Aluminate (C3A), % 4.1 7.2 12.3 
Tetracalcium Aluminoferrite (C4AF), % 12.2 6.1 3.7 
(C3S) / (C2S) Ratio 2.51 3.26 2.70 
aby Blaine ASTM C 204 air-permeability test  
bEstimated from MasterSizer Laser Diffraction Particle Distribution Analysis 


















Sieve Size Target Range 
Percent 
Passing 
9.50-mm (3⁄8-in.) 100 100 
4.75-mm (No. 4)  95 to 100 100 
2.36-mm (No. 8)  80 to 100 95 
1.18-mm (No. 16)  50 to 85 65.0 
600-μm (No. 30)  25 to 60 43 
300-μm (No. 50)  5 to 30 24 
150-μm (No. 100) 0 to 10 9 
75-μm (No. 200) 0 to 3 2.7 
Fineness Modulus 2.3 to 3.1 2.64 






Physical Property Testing Results 
Relative Density (Specific Gravity) Oven-Dry 2.755 
Relative Density (Specific Gravity) Saturated-Surface Dry 2.777 
Apparent Relative Density (Apparent Specific Gravity) 2.818 
Absorption, % 0.81 
Damp Loose Unit Weight per ASTM C 29 85 pcf @ 1.5% moisture 
	
There	are	deleterious	substances	 in	aggregate	 that	 can	affect	 the	chemical	durability	of	 concrete.	
Aggregate	that	might	be	reactive	in	the	lime‐saturated	environment	of	hydrated	cement	paste	can	
pose	particular	 issues	if	 it	exhibits	volume	instability	or	releases	aggressive	ionic	species,	such	as	
sulfates,	 in	 the	paste	 (Mehta	&	Monteiro	2006).	 If	 the	aggregate	 is	 reactive	with	 the	alkali	 in	 the	

















Deleterious Substances  
Testing 
Standard Testing Results 
Max 
Allowable 
Organic lmpurities  ASTM C 40 
Less than Color 
Plate No. 1 
Not 
Detrimental 
Clay Lumps and Friable Particles ASTM C 142 0% 3.0% 




Soundness of Aggregates ASTM C 88 
Sodium Sulfate 
1.7% Loss 0.10% 
Sand Equivalent Value (SE) ASTM D 2419 93 NA 
Alkali-Silica Reactivity Testing       
Potential Alkali-Reactivity of Aggregate 
(Mortar Bar Method) ASTM C 1260 0.055%  0.10% 
Accelerated Detection of Potentially 
Deleterious Expansion of Mortar Bars 




supplied	by	 the	Colorado	River.	A	 smaller	proportion	 comes	 from	groundwater.	Over	 its	 journey	




















Admixture Property HRWRA Used 
Chemical Type Polycarboxylate Acid 
Volatiles 59.70% 
Specific Gravity 1.09 
pH 3 to 8 




form	 with	 manufacturer	 reported	 average	 particle	 sizes	 (APS)	 ranging	 from	 15‐20	 nm	 (0.59‐
0.787×10‐6	in)	and	a	reported	SSA	of	640	m2/g	(3.13×106	ft2/lb).	An	aqueous	dispersion	of	25%	by	


















Color White Powder 
Morphology Porous and Nearly Spherical 
Average Particle Size (APS) 15-20 nm 
Specific Surface Area (SSA) 640 m2/g 
Porosity 0.6 mL/g 
Bulk Density 0.08 to 0.10 g/cm3 
True Density 2.648 g/cm3 
Silicon Dioxide (SiO2) Purity >99.5% 
Typical Impurities    
Al ≤ 0.002% (20 ppm) 
Fe ≤ 0.001% (10 ppm) 
Ca ≤ 0.002% (20 ppm) 
Mg ≤ 0.001% (10 ppm) 




Material Property  
Appearance Translucent Liquid 
Solution pH 8 to 11 
Solution SiO2 Content >25.5% 
Solvent 75% water 
Viscosity 50-100 
Particle Morphology Spherical and Amorphous 
Average Particle Size (APS) 5-35 nm 
Silicon Dioxide (SiO2) Purity >99.99% 
Typical Impurities    
Co ≤ 0.0075% (≤75 ppm) 












Chemical Properties Testing Results 
ASTM C 1240 
Criteria 
Silicon Dioxide (SiO2) 94.72% 85.0% MIN 
Sulfur Trioxide (SO3) 0.23% N/A 
Chloride (Cl-) 0.11% N/A 
Total Alkali 0.49% N/A 
Moisture Content 0.27% 3.0% MAX 
Loss of Ignition 2.82% 6.0% MAX 
pH 8.47 N/A 
Physical Properties     
State of Material Amorphous - sub-micron powder 
Color Gray to medium gray powder 
Oversize % Retained on 45 μm (No. 325) sieve 2.88% 10% MAX 
Density (Specific Gravity) 2.23 N/A 
Bulk Density 322.96 kg/m3 N/A 
Specific Surface Area (SSA)* 22.65 m2/g 15 m2/g MIN 
Average Particle Size (APS)** 0.1-1.0 μm NA 
Accelerated Pozzolanic Activity Index - 
with Portland Cement at 7 days 133.04% 105% MIN 
*	Estimated from MasterSizer Particle Distribution Analysis 
























Phase	 II,	 all	 samples	were	housed	within	one	 sulfate	 solution	 tank	 and	 the	pH	was	 continuously	









Sodium Sulfate (Na2SO4) 99.80% 99% MIN 
Water Insoluble 0.01% 0.03% MAX 
Moisture 0.01% NA 
Impurities & Trace Metals     
NaCl 0.15% 0.5% MAX 
Na2CO3 0.50% 0.5% MAX 
As 0.3 ppm 3.0 ppm MAX 
Fe 1.0 ppm 10 ppm MAX 
Physical Properties     
State of Material White granular crystalline powder 
Average Particle Size (APS)** 0.1-1.0 μm NA 
Density 88.0 lbs/ft3 
* Limits of impurities and trace metals based on Food Chemicals Codex, 5th Ed. 

































































  psi              MPa Cement nS mS 
Low C3A - Cement L             
L0 100% -- -- 145% 0.0 3,851  26.6  
L3mS 97% -- 3.0% 127% 0.0 3,463  23.9  
L4.5mS 95.5% -- 4.5% 115% 0.0 3,350  23.1  
L6mS 94% -- 6.0% 97% 0.0 3,419  23.6  
L1.5nS 98.5% 1.5% -- 122% 0.0 3,478  24.0  
L3nS 97% 3.0% -- 98% 0.0 3,560  24.5  
L4.5nS 95.5% 4.5% -- 100% 4.0 3,376  23.3  
L6nS 94.0% 6.0% -- 102% 7.0 3,226  22.2  
L1.5mS+1.5nS 97% 1.5% 1.5% 118% 0.0 3,872  26.7  
L2.25mS+2.25nS 96% 2.25% 2.25% 100% 2.5 3,408  23.5  
L3mS+3nS 94% 3.0% 3.0% 98% 4.0 3,504  24.2  
Moderate C3A - Cement M             
M0 100% -- -- 148% 0.0 4,296  29.6  
M3mS 97% -- 3.0% 108% 0.0 4,420  30.5  
M4.5mS 95.5% -- 4.5% 103% 0.0 4,623  31.9  
M6mS 94% -- 6.0% 95% 4.0 4,463  30.8  
M1.5nS 98.5% 1.5% -- 117% 0.0 5,013  34.6  
M3nS 97% 3.0% -- 97% 4.2 4,641  32.0  
M4.5nS 95.5% 4.5% -- 98% 9.4 4,560  31.4  
M6nS 94.0% 6.0% -- 100% 20.0 4,337  29.9  
M1.5mS+1.5nS 97% 1.5% 1.5% 107% 0.0 4,879  33.6  
M2.25mS+2.25nS 96% 2.25% 2.25% 118% 4.0 4,602  31.7  
M3mS+3nS 94% 3.0% 3.0% 102% 9.0 4,363  30.1  
High C3A - Cement H             
H0 100% -- -- 123% 5.8 5,164  35.6  
H3mS 97% -- 3.0% 110% 5.6 5,146  35.5  
H4.5mS 95.5% -- 4.5% 100% 9.0 4,975  34.3  
H6mS 94% -- 6.0% 105% 9.5 5,088  35.1  
H1.5nS 98.5% 1.5% -- 100% 14.0 4,673  32.2  
H3nS 97% 3.0% -- 97% 18.0 4,527  31.2  
H4.5nS 95.5% 4.5% -- 97% 28.7 5,462  37.7  
H6nS 94.0% 6.0% -- 110% 43.5 4,984  34.4  
H1.5mS+1.5nS 97% 1.5% 1.5% 98% 8.8 5,878  40.5  
H2.25mS+2.25nS 96% 2.25% 2.25% 98% 13.0 5,506  38.0  
H3mS+3nS 94% 3.0% 3.0% 96% 16.0 5,720  39.4  















            
MPa    psi 
nS Dispersing 
Method Blender Mixer Cement Dry nS Aq. nS 
CTRL n/a -- 5.0 100% -- -- 130% 31.2 4,527  
M3nS-10-I 10 min. mechanical -- 10.0 97% 3.0% -- 101% 40.9 5,926  
M3nS-10-II 10 min. mechanical 5.0 5.0 97% 3.0% -- 95% 48.6 7,051  
M3nS-10-III 10 min. mechanical 10.0 -- 97% 3.0% -- 85% 47.1 6,836  
M3nS-10-IV 10 min. mechanical 10.0 5.0 97% 3.0% -- 106% 43.5 6,314  
M3nS-20-I 20 min. mechanical -- 10.0 97% 3.0% -- 84% 47.8 6,930  
M6nS-10-I 10 min. mechanical -- 20.0 94% 6.0% -- 98% 48.8 7,080  
M6nS-10-II 10 min. mechanical 10.0 10.0 94% 6.0% -- 88% 49.4 7,158  
M6nS-10-III 10 min. mechanical 20.0 -- 94% 6.0% -- 75% 51.4 7,448  
M6nS-10-IV 10 min. mechanical 20.0 5.0 94% 6.0% -- 103% 48.7 7,064  
M6nS-20-I 20 min. mechanical -- 20.0 94.0% 6.0% -- 79% 50.0 7,251  
U3nS-10 10 min. ultrasonic -- 10.0 97% 3.0% -- 109% 44.3 6,427  
U3nS-20 20 min. ultrasonic -- 10.0 97% 3.0% -- 102% 46.4 6,737  
U6nS-10 10 min. ultrasonic -- 20.0 94.0% 6.0% -- 90% 49.6 7,191  
U6nS-20 20 min. ultrasonic -- 20.0 94% 6.0% -- 74% 47.9 6,951  
AQ3nS aqueous solution -- 13.0 97.0% -- 3.0% 80% 43.4 6,290 
AQ6nS aqueous solution -- 30.0 94% -- 6.0% 49% 
     
44.6 6,473  





Binder Content Measured 
Flow, %* 
HRWRA 
Used, mL Cement nS mS 
Low C3A - Cement L         
L0 100% -- -- 131% 0.0 
L-3mS 97% -- 3.0% 127% 0.0 
L-6mS 94% -- 6.0% 113% 5.0 
L-AQ3nS 97% 3.0% -- 116% 5.0 
L-AQ6nS 94.0% 6.0% -- 92% 25.0 
Moderate C3A - Cement M       
M0 100% -- -- 126% 0.0 
M-3mS 97% -- 3.0% 121% 0.0 
M-6mS 94% -- 6.0% 102% 5.0 
M-AQ3nS 97% 3.0% -- 103% 20.0 
M-AQ6nS 94.0% 6.0% -- 75% 70.0 






Mechanical	 Mixing	 of	 Hydraulic	 Cement	 Pastes	 and	 Mortars	 of	 Plastic	 Consistency”	 with	 some	
modifications	for	the	addition	of	nS	and/or	mS.	The	mortar	mixing	sequence	was	as	follows:	













































on	 the	medium	speed	 setting	 (285	±	10	 rpm).	 If	mixture	 appeared	 very	 dry,	 some	of	 the	
HRWRA	was	added	within	the	first	10	seconds	of	this	mixing	period.	
6. At	the	1	minute	30	second	mark,	the	mixer	was	stopped	for	1	½	minutes.	During	that	time,	






8. Following	 the	 1	 minute	 of	 medium	 speed	 mixing,	 the	 flow	 of	 the	 mortar	 mixture	 was	
measured	 following	ASTM	C	 1437	 procedure	 on	 a	 flow	 table	 conforming	 to	 ASTM	C	 230	
specifications	(ASTM	International	2001;	ASTM	International	2003a).	See	Figure	3‐7	for	how	
flow	was	measured.	If	the	desired	flow	was	not	achieved,	the	mortar	batch	was	returned	to	








































standpoint	of	possible	 reduced	 sulfate	 induced	expansion	due	 to	 the	 following:	 combined	
filler	effects,	acceleration	of	pozzolanic	activity,	and	superior	permeability	improvements	in	
comparison	 to	 either	 pozzolan	 applied	 separately	 in	 the	 same	 high‐sulfate	 exposure	
environment.		



















sulfate	attack	were	placed	 in	 the	 lidded	plastic	 tanks	shown	in	Figure	3‐8	 that	contained	the	5%	



































within	 the	 results,	 agglomeration	 of	 the	 dry	 nS	 powder	 proved	 to	 be	 a	 significant	 factor	 in	 its	




 Different	 methods	 of	 preparing	 mechanically	 blended	 nS	 and	 mixing	 water	 slurry	 that	



















Along	 with	 measuring	 the	 sulfate	 attack	 induced	 expansion	 of	 mortar	 bars	 at	 the	 frequencies	




















sulfate	 attack	 against	 the	 control	 and	mixtures	 of	 comparable	 cement	 replacements	with	mS.	 To	
facilitate	physical	sulfate	attack,	3”diameter	x	6”	mortar	cylinder	samples	of	each	of	 the	mixtures	
listed	 in	 Table	 3‐12	 were	 partially	 submerged	 in	 10%	 sodium	 sulfate	 solution.	 With	 partial	















state	 of	 <	 35%	 RH	 and	 higher	 temperature	 of	 35	 –	 40	 °C	 (95	 –	 104	 °F)	 was	 conducive	 to	 the	
crystallization	of	 thenardite	and	more	 ingress	of	 sulfate	solution	 in	 the	sample.	These	 repeatedly	










would	naturally	 evaporate	 at	 the	 exposed	 faces	 of	 the	 specimen	above	 the	 rubber	 barrier.	 If	 the	
evaporative	 front	 is	 below	 the	 surface	 of	 the	 sample	 to	 cause	 subflorescence,	 there	 should	 be	









































mold	 and	 the	 flow	 is	 calculated	 as	 the	 average	 increase	 of	 the	 mold	 base	 diameter	 10	 cm	 (4”)	
expressed	as	a	percentage.	The	calculation	of	average	flow,	where	D1‐D4	are	the	individual	diameter	
measurements	 of	 the	 mortar	 spread	 after	 dropping	 the	 table	 25	 times	 in	 15	 seconds,	 can	 be	
represented	by	the	following	equation:	
ܣݒ݃. ܨ݈݋ݓ ൌ


























represent	 individual	maximum	 force	 readings	 recorded	 by	 the	 uniaxial	 loading	machine,	 can	 be	
summarized	by	the	following	equation:	
ܣݒ݃. ܥ݋݉݌ݎ݁ݏݏ݅ݒ݁	ܵݐݎ݁݊݃ݐ݄	ሺ݌ݏ݅ሻ ൌ





























In	 Phase	 I,	 after	 the	 3	 days	 of	 moisture	 room	 curing,	 two	 mortar	 cubes	 of	 each	 mixture	 were	


















cyclic	 environmental	 chamber	 exposure,	 and	 the	 latter	 four	 to	 the	 constant	 temperature	 and	
















a	 Humboldt	 digital	 micrometer	 gauge	 capable	 of	 measuring	 length	 change	 differences	 from	 a	
reference	bar	with	an	accuracy	of	0.0001‐in.	The	center	of	the	standard	170	± 3.0	mm	(11	5/8	± 1⁄8‐








1. All	mortar	 bars	 for	 a	 given	mixture	 were	 retrieved	 and	 transported	 in	 a	 shallow	 plastic	
container	filled	with	sufficient	sulfate	solution	from	their	respective	sulfate	tank	to	keep	them	












































that	 involves	 the	 ingress	of	 fluid,	 in	 this	 case	water,	by	capillary	action	which	relates	 to	 the	pore	
structure	of	the	mortar	but	not	necessarily	its	permeability	(Richardson	2002).	This	test	was	useful	
to	develop	conversions	between	mass	and	volume	of	 the	mortars	and	to	 find	other	characteristic	






































































pores,	while	 the	pore	size	distribution	of	a	porous	material	 is	more	 indicative	of	 its	permeability	













































helps	 dissipate	 electrons	 and	 prevents	 “charging”	 of	 the	 observed	 area	 which	 oversaturates	 the	
electron	 receptors	 (Poole	 &	 Sims	 2016).	 SEM’s	 are	 often	 equipped	 with	 electron	 probe	
microanalyzers	 (EPMAs)	 or	 multichannel	 analyzer	 detectors	 that	 are	 capable	 of	 analyzing	 x‐ray	
radiations	emitted	from	the	specimen	at	the	point	of	electron	bombardment.	The	x‐rays	emitted	are	
characteristic	to	the	elements	present	in	the	specimen	at	the	point	of	interest	(Poole	&	Sims	2016).	










hours,	 the	 specimens	were	 then	 gold	 coated	with	 a	 thin,	 approximately	 20	 nm,	 layer	 of	 gold	 for	
conductance	 using	 an	 automated	 sequence	 sputter	 coating	machine.	 The	 SEM	 used	 to	 study	 the	
95	
	
mortar	 samples	was	 a	model	 JSM‐5610	microscope	 equipped	with	 secondary	 and	 backscattered	




JEOL Model JSM-5610 SEM Specifications 
Resolution (High Vacuum Mode): 1μm 
Accelerating voltage: x0.5 to 30kV (53 steps) 
Images: SEI, BEI (COMPO, TOPO,Shadow), EBSD, CL 
Magnification x35 to 100,000 (in 136 steps) 
Specimen size < 150mm 
Specimen stage 
Eucentric goniometer 
Range of Motion: X=80mm, Y=40mm, Z=5 to 48mm, T=-
10° to 90°, R=360° 
Electron Gun W filament 
Emitter Tungsten hairpin filament 
Gun Bias Automatically settable for all accelerating voltages 
Image Shift +12 micrometer or -12 micrometer 
Displayed image 640 x 480 pixels 
Analytical Functions Oxford ISIS EDS system 












JEOL Model JSM6700 FESEM Specifications 
Resolution (High Vacuum Mode) 5 nm 
Accelerating voltage: x0.5 to 30kV 
Images: SEI, BEI ( COMPO, TOPO, Shadow) 
Magnification x500 to 430,000 
Specimen size < 50 mm 
Specimen Observation Stage 
Eucentric goniometer 
Range of Motion: X=80mm, Y=40mm, Z=2 to 18mm, T=-10° 
to 90°, R=360° 
Electron Gun Field Emission Gun w/ Cold Cathode 
Emitter Tungsten Single Crystal 
Gun Bias Automatically settable for all accelerating voltages 
Displayed image 1024 x 1024 pixels 











written	 as	 a	 standalone	 manuscript	 with	 introductions,	 presentation	 of	 the	 results,	 discussion	
relevant	 to	 their	 interpretation,	 conclusions,	 and	 any	 other	 applicable	 subsections.	 A	 list	 of	
manuscripts	 is	 presented	 here	 as	 an	 overview	 of	 the	 focus	 and	 topics	 discussed	 within.	 Each	
manuscript	 is	 intended	 for	 publication	 in	 recognized	 journals	 in	 civil	 engineering	materials	 and	






chemical	 sulfate	 attack	 resistance	 of	 Portland	 cement	 (PC)	 mortars	 and	 its	






of	 contrastingly	 different	 fineness	 and	 C3A	 content	 on	 the	 sulfate	 resistance	 of	
mortars.	Several	mortar	mixtures	of	incrementally	higher	cement	replacement	with	












resistance	of	nanosilica	 (nS)	 contained	mortars.	Multiple	mechanical	 or	ultrasonic	
dispersion	methods,	HRWRA	dosing	procedures,	and	both	dry	and	aqueous	solution	





















strength,	 and	 mass	 loss.	 Results	 indicated	 that	 nS	 replacement	 benefited	 the	 studied	 mortars.	





















of	 the	 aforementioned	 effects	 on	 concrete	 are	 primarily	 due	 to	 the	 formation	 of	 ettringite	 and	
gypsum.	Excessive	ettringite	and	gypsum	in	concrete	are	undesirable	since	both	are	expansive	and	
non‐strength	 contributing	 compounds.	 Ettringite	 causes	 expansive	 stresses	 in	 the	 pores	 of	 the	





deteriorated	concrete,	 in	addition	 to	 the	potential	 for	 expensive	 litigation	and	other	unnecessary	

















S‐H	 due	 to	 sulfate	 attack.	 Chemically,	microsilica	 is	 a	 pozzolan	which	 chemically	 reacts	with	 the	
available	Ca(OH)2	to	form	a	secondary	C‐S‐H.	This	pozzolanic	reaction,	paired	with	a	reduction	of	the	
available	C3A	due	 to	 the	 replacement	of	 the	 cement	with	microsilica,	 leads	 to	 a	 reduction	 in	 the	







has	become	 a	new	mineral	 admixture	being	 tested	 following	 the	 success	of	 its	 predecessor.	 Like	








result	 in	better	 strength,	durability,	 and	 impermeability	 (Singh	 et	 al.	 2013;	Choolaei	 et	 al.	 2012).	
Microstructural	analysis	has	shown	that	nanosilica	also	has	a	paste	compaction	effect	where	the	silica	
particles	 reacts	with	and	serve	as	a	nucleation	sites	 for	 the	C‐S‐H	crystal	phase	during	 the	 initial	
102	
	











replacement,	nanosilica	 reduced	 sulfate	 attack	 related	expansions	during	 a	154	week	 continuous	
immersion	 in	 5%	magnesium	 sulfate	 solution.	 Mortars	 with	 5	 and	 10%	 nanosilica	 replacement	
decreased	expansion	by	90%	and	95%	compared	to	the	control	mortar	respectively	after	two	years	
of	 immersion.	Other	 research	 showed	 a	 superior	 performance	 of	 concretes,	mortars	 and	 cement	
pastes	 with	 nanosilica	 replacement	 in	 terms	 of	 increases	 of	 strength,	 paste	 densification,	
impermeability,	and	chloride	penetration	resistivity	(Singh	et	al.	2013;	Khanzadi	et	al.	2010;	Said	et	
al.	 2012;	 Sobolev	 &	 Gutiérrez	 2005).	 These	 results	 so	 far	 indicate	 that	 nanosilica	 could	 be	 very	









In	 terms	of	 industrial	 applications,	 once	more	 economically	 viable,	 the	 findings	of	 this	 study	 can	
















in	 the	 cement	 for	 each	 mortar	 mixture.	 The	 chemical	 and	 physical	 properties	 of	 the	 nano‐	 and	























Silicon	Dioxide	(SiO2),	%	 21.1 21.7 94.72	 99.5
Aluminum	Oxide	(Al2O3),	%	 4 4.1 ‐‐	 0.002
Ferric	Oxide	(Fe2O3),	%	 2 4.0 ‐‐	 0.001
Calcium	Oxide	(CaO),	% 62.7 63.2 ‐‐	 0.002
Magnesium	Oxide	(MgO),	%	 2.1 2.8 ‐‐	 0.001
Sulfur	Trioxide	(SO3),	%	 2.8 1.8 0.23	 ‐‐
Loss	on	Ignition,	%	 1.8 0.7 2.82	 ‐‐
Insoluble	Residue,	%	 0.71 0.1 ‐‐	 ‐‐
Total	Alkali	(Na2O	+	K2O),	%	 0.59 0.46 0.49	 ‐‐
Free	Lime	(CaO),	%	 0 0.8 		
Physical	Properties	 		
Time	of	Set	Initial	Vicat,	min	 145 150 ‐‐	 ‐‐
Specific	Surface	Area,	m2/g	 0.341a	 0.285a	 22.65b	 640b	
325	Mesh	(45	μm),	%	passing	 ‐‐ 72.9 97.12	
Avg.	Particle	Size	(APS),	μm	 20‐30c	 35‐45c	 0.1‐1.0c	 0.015‐0.020
Per	Bogue	Calculation	d	 		
Tricalcium	Silicate	(C3S),	%	 57.0 54.0 ‐‐	 ‐‐
Dicalcium	Silicate	(C2S),	%	 17.5 21.5 ‐‐	 ‐‐
Tricalcium	Aluminate	(C3A),	%	 7.2 4.1 ‐‐	 ‐‐
Tetracalcium	Aluminoferrite	(C4AF),	% 6.1 12.2 ‐‐	 ‐‐


























Moderate	C3A	Cement	A	 		 		 		 		 		
A0	 100%	 ‐‐	 ‐‐	 148%	 29.6		 										4,296	
A3mS	 97%	 ‐‐	 3.0%	 108%	 30.5		 										4,420	
A4.5mS	 95.5%	 ‐‐	 4.5%	 103%	 31.9		 										4,623	
A6mS	 94%	 ‐‐	 6.0%	 95%	 30.8		 										4,463	
A1.5nS	 98.5%	 1.5%	 ‐‐	 117%	 34.6		 										5,013	
A3nS	 97%	 3.0%	 ‐‐	 97%	 32.0		 										4,641	
A4.5nS	 95.5%	 4.5%	 ‐‐	 98%	 31.4		 										4,560	
A6nS	 94%	 6.0%	 ‐‐	 100%	 29.9		 										4,337	
Low	C3A	Cement	B	 		 		 		 		 		
B0	 100%	 ‐‐	 ‐‐	 145%	 26.6		 										3,851	
B3mS	 97%	 ‐‐	 3.0%	 127%	 23.9		 										3,463	
B4.5mS	 95.5%	 ‐‐	 4.5%	 115%	 23.1		 										3,350	
B6mS	 94%	 ‐‐	 6.0%	 97%	 23.6		 										3,419	
B1.5nS	 98.5%	 1.5%	 ‐‐	 122%	 24.0		 										3,478	
B3nS	 97%	 3.0%	 ‐‐	 98%	 24.5		 										3,560	
B4.5nS	 95.5%	 4.5%	 ‐‐	 100%	 23.3		 										3,376	





































evident	 in	 the	 expansion	behavior	 of	 the	 control	mixtures	A0	 and	B0	 in	Figure	4‐1,	 the	 low	C3A	
mixture	(B0)	performed	better	than	the	mixture	with	the	moderate	concentration	of	C3A	(A0).	With	
a	progressively	 longer	period	of	 exposure	 to	 the	 sulfate	 solution,	 the	difference	 in	 the	 expansion	
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observed	between	 the	 two	mixtures	broadened.	This	 implies	 that	at	 earlier	ages,	 the	 two	mortar	
mixtures	 initially	exhibit	 similar	behavior	and	 the	effect	of	 the	different	C3A	concentration	 in	 the	





























4			WEEKS	 0.011%	 0.009%	 0.010% 0.010% 0.011% 0.013% 0.012%	 0.012%
8			WEEKS	 0.016%	 0.012%	 0.015% 0.015% 0.019% 0.020% 0.017%	 0.019%
12	WEEKS	 0.021%	 0.017%	 0.017% 0.017% 0.023% 0.025% 0.022%	 0.021%
26	WEEKS	 0.039%	 0.028%	 0.028% 0.028% 0.038% 0.041% 0.037%	 0.034%
1				YEAR	 0.074%	 0.045%	 0.045% 0.043% 0.063% 0.064% 0.058%	 0.054%


















4			WEEKS	 0.009%	 0.006%	 0.006% 0.003% 0.004% 0.006% 0.009%	 0.009%
8			WEEKS	 0.013%	 0.010%	 0.010% 0.011% 0.009% 0.013% 0.012%	 0.012%
12	WEEKS	 0.014%	 0.011%	 0.013% 0.012% 0.011% 0.013% 0.015%	 0.015%
26	WEEKS	 0.029%	 0.024%	 0.026% 0.025% 0.030% 0.032% 0.032%	 0.032%
1				YEAR	 0.047%	 0.041%	 0.041% 0.037% 0.050% 0.048% 0.050%	 0.050%







Unless	 otherwise	 stated,	 all	 statements	 of	 nS	 refers	 to	 dry	 nS	 powder.	 Figure	 4‐2	 shows	 the	
expansion	 of	 the	 moderate	 C3A	 Cement	 mortar	 series	 with	 nS	 and	 mS	 replacement.	 As	 can	 be	
observed,	 progressive	 increases	 in	 the	 level	 of	 nS	 replacement	 resulted	 in	 improvements	 of	 the	
expansion	 behavior	 of	 the	 studied	 mortars.	 These	 improvements	 increased	 by	 extending	 the	
exposure	time.	The	1	year	expansion	of	the	mortars	having	1.5,	3,	4.5,	and	6%	nS	replacement	were	
15,	14,	23,	and	28%	less	than	that	of	the	control	A0	mortar,	respectively.	At	the	1.5	year	point,	the	
same	 nS	 replacement	mortars	 had	 26,	 28,	 41,	 and	 49%	 less	 expansion	 than	 the	 control	mortar,	
respectively.	These	percent	differences	also	point	out	 that	 there	were	progressive	 improvements	
from	increasing	the	percent	nS	replacement.	The	expansion	for	the	A1.5nS	was	0.063%	and	0.092%	
at	1	and	1.5	years	respectively.	The	expansion	for	A6nS	at	those	respective	ages	was	0.054%	and	
0.063%.	As	 can	be	 seen	 from	 the	percentages	 above,	 at	 either	 age,	 the	 improvements	 for	 6%	nS	
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smaller	 replacements	 and	 the	 control.	 The	 early	 period	 expansion	 data	 indicated	 that	 the	


















with	 the	 addition	 of	water	 and	 becomes	 challenging	 to	mechanically	 disperse	without	 the	 aid	 of	
specialized	dispersants	(Singh	et	al.	2013;	Campillo	et	al.	2004).	To	investigate	if	agglomeration	of	
the	nS	during	mixing	was	present,	samples	of	the	dry	nS	used	in	the	study	were	submitted	for	laser	







μm.	Results	 indicated	 that	 even	with	ultrasonic	mixing	 the	dry	nS	particles	 introduced	 in	a	plain	
water	suspension	tended	to	agglomerate	to	a	narrowly	graded	size	of	clusters	significantly	 larger	
than	the	individual	nS	particles.	The	agglomerated	clusters	were	also	significantly	larger	than	the	mS	
particles,	 which	 similarly	 prepared	 and	 tested	 under	 laser	 diffraction,	 exhibited	 a	 broader	
distribution	where	84%	of	the	sample	was	0.1‐1.0	μm	sized	particles.	The	mS	particle	size	closely	
conformed	to	the	mS	manufacturer	data	and	the	most	typical	industry	reported	mS	sizes	(≤1.0	μm)		
(Holland	 2005).	 Agglomeration	 of	 the	 nS	 could	 explain	 the	 larger	 permeability	 based	 on	 water	
absorption	 measured	 between	 the	 control	 and	 3%	 to	 6%	 nS	 mortars	 and	 the	 larger	 expansion	


























(A0)	expansion	 from	the	 first	 testing	phase	was	plotted	against	 the	control	mortar	of	 the	second	
phase	(A0.PH2)	and	the	expansion	between	the	two	during	the	initial	6	months	were	very	similar	as	
seen	 in	Figure	4‐5.	 As	 evident	 in	 the	 same	 figure,	 the	 AQ3nS	 and	AQ6nS	mortars	 exhibited	 less	
expansion	than	their	comparable	A3nS	and	A6nS	counterparts.	At	6	months,	AQ3nS	had	expanded	



















































of	 the	 aqueous	 nS	 replacement	 mortars.	 Mortars	 AQ3nS	 and	 AQ6nS	 had	 0.027%	 and	 0.023%	
expansion,	respectively.	At	the	same	age,	mortars	B0,	B3nS,	and	B6nS	showed	0.029%,	0.032%,	and	













similar	 levels	 of	 expansion	 indicating	 that	 higher	 levels	 of	 mS	 replacement	 are	 not	 necessarily	
proportionally	beneficial.	There	is	only	a	3%	observed	improvement	between	A3mS	and	A6mS	at	1	
year	 of	 submersion	 in	 the	 sodium	 sulfate	 solution,	meaning	 that	 as	 little	 as	 3%	mS	 replacement	






the	 control	 B0	 in	 terms	 of	 less	 expansion;	 refer	 to	Figure	4‐6.	 Progressively	 higher	 levels	 of	mS	
replacement	 improved	 the	 sulfate	 attack	 resistance	 in	 comparison	 to	 the	 control	 and	 lesser	 mS	




















































































testing	 since	almost	all	 sulfate	 solution‐to‐moist	 room	cured	mortar	 strength	 ratios	were	greater	
than	1.	Samples	exposed	to	the	sodium	sulfate	solution	in	fact	showed	a	consistently	higher	increase	
in	strength	in	comparison	to	the	water‐cured	counterparts.	This	could	be	attributed	to	the	generally	
observed	 trend	 for	 initial	 increases	 in	 strength	due	 to	 filling	and	compaction	effect	of	 the	 sulfate	






























































4. The	 results	 of	 this	 study	 indicated	 nS	 in	 its	 dry	 form	was	 an	 inferior	mineral	 admixture	
alternative	 to	 mS	 for	 chemical	 sulfate	 attack	 durability	 due	 to	 the	 inherent	 dispersion	
challenges	of	the	significantly	finer	particles.	Mortars	with	mS	outperformed	those	with	dry	
powder	nS	for	both	C3A	cements	tested.		







byproduct	 of	 another	 industrial	 process.	 Therefore,	 it	 would	 seem	 more	 economical	 to	
procure	and	properly	mix	a	smaller	quantity	of	well	dispersed	nS	than	use	excessive	cement	
replacement	levels	of	agglomerated	nS.	

















incrementally	 higher	 cement	 replacement	 with	 nS	 or	 mS	 were	 prepared	 with	 a	 4.1	 and	 12.3%	
tricalcium	aluminate	(C3A)	PC	of	different	fineness.	Results	indicated	microsilica	increased	sulfate	
resistance	 more	 effectively	 than	 nanosilica	 due	 to	 its	 superior	 dispersion	 in	 comparison	 to	 the	













invested	 in	 constructing	 it.	 More	 and	 more	 resources	 are	 spent	 to	 retrofit	 and	 repair	 concrete	






















anions	 (SO4‐2)	 primarily	 leach	 calcium	 ions	 (Ca+2)	 first	 from	 the	more	 soluble	 Ca(OH)2	 and	 as	 it	
becomes	depleted	the	C‐S‐H	phase.	Prevalently,	the	reaction	products	associated	with	sulfate	attack	
are	ettringite	(C6ASጟH32)	and	gypsum	(CSጟH2).	Both	are	normally	occurring	compounds	present	during	
initial	 hydration	 of	 concrete,	 but	 under	 sulfate	 attack	 are	 produced	 once	 the	 cement	 paste	 has	





Ca(OH)2	 and	 C‐S‐H	 phase.	 The	 prevalent	 reactions	 associated	 with	 sulfate	 attack	 have	 been	













against	 sulfate	 and	 other	 deleterious	 ions.	 Unlike	 silica	 fume,	 referred	 to	 from	 here‐on‐out	 as	
microsilica	(mS),	nanosilica	is	a	relatively	new	mineral	admixture	in	the	concrete	industry	which	has	
garnered	 attention	 due	 to	 its	 much	 more	 aggressive	 reactivity	 and	 similar	 benefits	 to	 concrete	
durability	as	mS.	Due	to	its	finer	nanoscale	sized	particles,	with	diameters	generally	less	than	100	
nm,	 nS	 exhibits	 a	much	 larger	 surface	 area	 (80	m2/g	 and	 above)	 than	mS	 (typically	 15‐30	m2/g	
(Holland	2005)).	This	results	 in	an	accelerated	pozzolanic	activity	that	offers	benefits	 to	concrete	
similar	in	nature,	but	in	most	cases	reported,	superior	those	observed	with	mS.	They	include,	faster	
















are	 in	an	unreacted	state,	 they	are	very	effective	at	binding	with	 free	 ions.	A	higher	surface	area	
facilitated	by	a	finer	ground	cement	paired	with	a	higher	C3A	content	means	that	a	higher	abundance	




cement	 fineness	 augments	 the	 significance	 of	 the	 cement’s	 C3A	 content.	 A	 higher	 cementitious	
topochemical	 surface	 area	 exposes	more	 Ca(OH)2	which	would	 be	 susceptible	 to	 reaction	 in	 the	








accelerate	 the	 pozzolanic	 reactions	 with	 Ca(OH)2	 and	 generate	 secondary	 C‐S‐H	 faster.	 The	
pozzolanic	 and	 sulfate	 attack	 reactions	would	 both	 benefit	 from	 a	 higher	 fineness	 of	 the	 cement	













































The	 two	 cement	 types	 tested	 feature	 contrastingly	different	 specific	 surface	 areas	 (SSA)	 and	C3A	























Silicon	Dioxide	(SiO2),	%	 21.7 20.8 94.72	 99.5
Aluminum	Oxide	(Al2O3),	%	 4.1 5.4 ‐‐ 0.002
Ferric	Oxide	(Fe2O3),	%	 4.0 1.2 ‐‐ 0.001
Calcium	Oxide	(CaO),	%	 63.2 63.5 ‐‐ 0.002
Magnesium	Oxide	(MgO),	%	 2.8 2.7 ‐‐ 0.001
Sulfur	Trioxide	(SO3),	%	 1.8 3.3 0.23	 ‐‐
Loss	on	Ignition,	%	 0.7 1.2 2.82	 ‐‐
Insoluble	Residue,	%	 0.1 0.1 ‐‐ ‐‐
Total	Alkali	(Na2O	+	K2O),	%	 0.46 0.44 0.49	 ‐‐
Free	Lime	(CaO),	%	 0.8 0.8 		
Physical	Properties	 		
Time	of	Set	Initial	Vicat,	min	 150 70 ‐‐ ‐‐
Specific	Surface	Area,	m2/g	 0.285a	 0.546a	 22.65b	 640b	
325	Mesh	(45	μm),	%	passing	 72.9 99.7 97.12	 		
Avg.	Particle	Size	(APS),	μm	 35‐45c 10‐20c 0.1‐1.0c	 0.015‐0.020
Per	Bogue	Calculation	d	 		
Tricalcium	Silicate	(C3S),	%	 54.0 53.0 ‐‐ ‐‐
Dicalcium	Silicate	(C2S),	%	 21.5 19.6 ‐‐ ‐‐
Tricalcium	Aluminate	(C3A),	%	 4.1 12.3 ‐‐ ‐‐
















Proportions	of	 the	mortar	mixtures	 tested	 in	 this	study	are	presented	 in	Table	5‐2.	Eight	mortar	
mixtures	 were	 prepared	 for	 each	 cement;	 one	 control	 mixture	 with	 no	 nS	 or	 mS	 replacement,	
followed	by	7	silica	contained	mortar	mixtures.	Four	of	them	contained	1.5%	to	6%	of	nS,	the	dosage	
increasing	in	1.5%	increments,	and	three	other	mixtures	contained	3%,	4.5%	or	6%	mS.	The	water‐















L0	 100	 ‐‐ ‐‐ 145 0.0 26.6		 3,851
L3mS	 97	 ‐‐ 3.0 127 0.0 23.9		 3,463
L4.5mS	 95.5	 ‐‐ 4.5 115 0.0 23.1		 3,350
L6mS	 94	 ‐‐ 6.0 97 0.0 23.6		 3,419
L1.5nS	 98.5	 1.5 ‐‐ 122 0.0 24.0	 3,478
L3nS	 97	 3.0 ‐‐ 98 0.0 24.5		 3,560
L4.5nS	 95.5	 4.5 ‐‐ 100 4.0 23.3		 3,376
L6nS	 94	 6.0 ‐‐ 102 7.0 22.2		 3,226
High	C3A	Cement	H	 		 		 	
H0	 100	 ‐‐ ‐‐ 123 5.8 35.6		 5,164
H3mS	 97	 ‐‐ 3.0 110 5.6 35.5		 5,146
H4.5mS	 95.5	 ‐‐ 4.5 100 9.0 34.3		 4,975
H6mS	 94	 ‐‐ 6.0 105 9.5 35.1		 5,088
H1.5nS	 98.5	 1.5 ‐‐ 100 14.0 32.2	 4,673
H3nS	 97	 3.0 ‐‐ 97 18.0 31.2		 4,527
H4.5nS	 95.5	 4.5 ‐‐ 97 28.7 37.7		 5,462






































three	 28	 day‐cured	mortar	 disks	 were	 used	 for	 each	 reported	 average	 penetration	 reading.	 For	



































4	WEEKS	 0.009%	 0.006%	 0.006% 0.003% 0.004% 0.006% 0.009%	 0.009%
8	WEEKS	 0.013%	 0.010%	 0.010% 0.011% 0.009% 0.013% 0.012%	 0.012%
12	WEEKS	 0.014%	 0.011%	 0.013% 0.012% 0.011% 0.013% 0.015%	 0.015%
26	WEEKS	 0.029%	 0.024%	 0.026% 0.025% 0.030% 0.032% 0.032%	 0.032%
1	YEAR	 0.047%	 0.041%	 0.041% 0.037% 0.050% 0.048% 0.050%	 0.050%


















4	WEEKS	 0.012%	 0.004%	 0.002% 0.002% 0.007% 0.008% 0.006%	 0.005%
8	WEEKS	 0.021%	 0.010%	 0.005% 0.007% 0.014% 0.014% 0.010%	 0.010%
12	WEEKS	 0.024%	 0.010%	 0.006% 0.008% 0.018% 0.017% 0.014%	 0.013%
26	WEEKS	 0.050%	 0.021%	 0.016% 0.017% 0.035% 0.031% 0.024%	 0.023%
1	YEAR	 0.226%	 0.036%	 0.030% 0.030% 0.069% 0.054% 0.042%	 0.040%
1.5	YEAR	 0.827%	 0.045%	 0.037% 0.039% 0.178% 0.086% 0.055%	 0.049%
	
Without	 the	 presence	 of	 either	 pozzolan,	 the	 expansion	 behavior	 of	 the	 control	 mortars	 clearly	
highlight	the	difference	in	C3A	content	between	the	two	cements.	As	evident	in	Figure	5‐1,	the	low	
C3A	mixture	(L0)	performed	significantly	better	than	the	mixture	with	the	high	concentration	of	C3A	



































consistent	 and	 quantifiable	 difference	 between	 the	 performance	 of	 L3mS	 and	 L4.5mS.	 L6mS	
performed	the	best	with	the	least	expansion	which	after	1.5	years	sulfate	exposure	was	80%	that	of	




paste	 densification	 effects	 of	 nS	 reported	 in	 other	 studies	 (Singh	 et	 al.	 2013;	 Said	 et	 al.	 2012;	








































mixture	with	 the	higher	 fineness	 cement	and	 the	 larger	dose	of	pozzolan	would	exhibit	 the	 least	

















































more	 insight	 into	 the	 effectiveness	 of	 nS	 and	 mS	 to	 densify	 the	 paste	 and	 refine	 the	 pore	 size	


















































place.	 There	 is	 a	 spike	 in	 the	 proportion	 of	 the	 gel	 pores	 that	 is	 represented	 by	 the	 strongly	
discernible	peak	in	Figure	5‐6	within	the	0.0005	μm	boundary	that	constitutes	for	20.3%	of	the	total	
intrusion	volume,	and	an	increase	in	the	capillary	micropore	range	of	pore	diameters	from	0.0113	
cc/g	 for	L0	 to	0.0149	cc/g	 for	L6mS.	 In	Figure	5‐6,	 the	peak	 in	 the	capillary	macropore	range	 is	
significantly	reduced	and	there	is	a	sharp	 increase	 in	the	peak	overlapping	both	the	gel	pore	and	
micropore	range.	These	are	all	signs	of	pore	refinement	and	a	denser	cement	paste	and	ITZ.	This	was	
not	 the	 case	with	 the	nS	contained	L6nS	mixture.	 Since	 the	distribution	of	 the	L6nS	pores	 in	 the	
capillary	macropore	range	shifted	towards	larger	diameter	sizes,	this	could	now	explain	why	L6nS	
exhibited	 more	 expansion	 than	 the	 control	 under	 sulfate	 attack.	 With	 Cement	 L,	 mS	 was	 more	
effective	at	pore	refinement	than	the	nS.	
	

























































































The	 testing	 results	 indicated	 that	 nS	 was	 not	 as	 effective	 as	 anticipated	 and	 upon	 investigative	
literature	 review,	 agglomeration	of	 the	nS	particles	was	 suspected	as	 the	 likely	 cause.	Like	other	








sample	was	 ultrasonically	mixed	with	water	 for	 1	minute.	 The	 cement	 average	 particle	 size	 and	












in	 size	between	0.1	 to	1.0	μm	which	was	 in	agreement	with	 the	mS	manufacturer	data	and	most	
typical	 industry	 reported	mS	 size	 of	 ≤1.0	μm	 (ACI	 Committee	 234	 2006;	 Holland	 2005).	 The	 nS	
agglomerates	still	have	a	pozzolanic	effect	but	it	is	impeded	and	mostly	limited	to	the	surface	of	the	
agglomerate	cluster	(Kong	et	al.	2012).	Since	nS	was	in	agglomerated	form,	the	physical	benefits	of	



















tested	 from	 the	 curing	 room	 for	 that	 particular	mortar	mixture.	With	 some	 exceptions,	 for	most	
mixtures	even	at	28	days,	the	compressive	strength	of	the	sulfate	solution	exposed	samples	is	often	
higher	than	that	of	cured	room	counterparts.	There	are	reports	of	an	initial	increase	of	compressive	
strength	 due	 to	 a	 filling	 and	 compaction	 effect	 from	 the	 sulfate	 attack	 generated	 expansive	
compounds	like	ettringite	(Rundong	et	al.	2010).	After	a	longer	period	of	exposure	to	sulfates,	when	
the	available	pore	space	for	expansive	compound	growth	is	filled,	more	and	more	expansive	stresses	














nanosilica	 (nS)	 and	microsilica	 (mS)	 in	 regards	 to	 the	 sulfate	 resistance	of	Portland	 cement	 (PC)	
mortars.	Comparisons	were	made	against	control	mixtures	of	each	cement	without	any	pozzolan	and	






































interest	 in	 increasing	 the	 durability	 and	 longevity	 of	 structures	 and	 construction	 materials.	 As	
evident	in	this	study	dispersion	is	of	significant	importance	in	the	potency	and	effectiveness	of	nS	as	
a	mineral	admixture.	Nanosilica	is	commercially	synthesized	both	in	dry	and	solution	colloidal	forms.	



























in	 a	 5%	sodium	sulfate	 (Na2SO4)	 solution.	The	mortars	 tested	were	measured	 for	 expansion	 and	
compressive	 strength.	 Additional	 testing	 for	 absorption,	 rapid	 sulfate	 penetration,	 and	 mercury	
porosimetry	of	select	mortar	mixtures	paired	with	laser	diffraction	particle	analysis	of	the	suspended	
silica	 particles	 supplemented	 the	 interpretation	 and	 explanation	 of	 the	 results.	 The	 expansion	
measurements	 indicated	 that	 mS	 replacement	 mortars	 outperform	 both	 nS	 only,	 and	 nS+mS	
combination	replacement	mixtures.	A	negative	effect	of	the	dry	nS	powder	replacement	attributed	to	
agglomeration	 of	 its	 fine	 sized	 silica	 particles	 during	 mixing	 negated	 the	 expected	 superior	
pozzolanic	activity	of	the	nanomaterial.	In	the	case	of	the	low	C3A	sulfate	resistant	cement,	the	dry	nS	
replacement	 of	 6%	 exhibited	more	 expansion	 than	 the	 control.	 The	 nS+mS	 combination	mortar	
mixtures	for	both	cement	types	performed	better	than	those	with	nS	only	but	not	better	than	the	mS	
only	mortars.	Combining	both	silica	 types	did	not	merge	 the	strengths	of	both	 forms	of	pozzolan	







Concrete’s	versatility	 and	broad	application	 in	all	 aspects	of	 civilized	 infrastructure	and	 the	built	
world	means	 that	 twice	 as	much	 of	 it	 is	 used	 in	 comparison	 to	 all	 other	 construction	materials	
combined	(Kosmatka	&	Wilson	2016).	Cement	manufacturing	is	an	energy	and	resource	intensive	
process	that	accounts	for	approximately	1.1%	of	the	US	national	greenhouse	gas	emissions,	equal	to	
more	 than	 75	 million	 metric	 tons	 of	 CO2	 equivalents	 (Kosmatka	 &	 Wilson	 2016).	 There	 is	 a	
continuous	 effort	 to	 improve	 the	 sustainability	 and	 energy	 efficiency	 of	 both	 the	 production	 of	
cement,	 and	 concrete	 itself	 as	 a	material.	One	 strategy	 is	 the	 use	 of	 supplementary	 cementitious	
materials	(SCMs)	to	improve	the	durability	performance	of	concrete.	Durable	concrete	made	through	


















calcium	 hydroxide	 Ca(OH)2	 by	 reacting	 with	 it	 and	 forming	 secondary	 C‐S‐H.	 This	 pozzolanic	



































































Silicon	Dioxide	(SiO2),	%	 21.1 21.7 94.72	 99.5
Aluminum	Oxide	(Al2O3),	%	 4 4.1 ‐‐	 0.002
Ferric	Oxide	(Fe2O3),	%	 2 4.0 ‐‐	 0.001
Calcium	Oxide	(CaO),	% 62.7 63.2 ‐‐	 0.002
Magnesium	Oxide	(MgO),	%	 2.1 2.8 ‐‐	 0.001
Sulfur	Trioxide	(SO3),	%	 2.8 1.8 0.23	 ‐‐
Loss	on	Ignition,	%	 1.8 0.7 2.82	 ‐‐
Insoluble	Residue,	%	 0.71 0.1 ‐‐	 ‐‐
Total	Alkali	(Na2O	+	K2O),	%	 0.59 0.46 0.49	 ‐‐
Free	Lime	(CaO),	%	 0 0.8 		
Physical	Properties	 		
Time	of	Set	Initial	Vicat,	min	 145 150 ‐‐	 ‐‐
Specific	Surface	Area,	m2/g	 0.341a 0.285a 22.65b	 640b
325	Mesh	(45	μm),	%	passing	 ‐‐ 72.9 97.12	




Tricalcium	Silicate	(C3S),	%	 57.0 54.0 ‐‐	 ‐‐
Dicalcium	Silicate	(C2S),	%	 17.5 21.5 ‐‐	 ‐‐
Tricalcium	Aluminate	(C3A),	%	 7.2 4.1 ‐‐	 ‐‐




















L0	 100	 0 0 145 26.6	 3,851	
L3mS	 97	 0 3 127 23.9	 3,463	
L6mS	 94	 0 6 97 23.6	 3,419	
L6nS	 94	 6 0 102 22.2	 3,226	
L3mS+3nS	 94	 3 3 98 24.2	 3,504	
Moderate	C3A	Cement	M	
M0	 100	 0 0 148 29.6	 4,296	
M3mS	 97	 0 3 108 30.5	 4,420	
M6mS	 94	 0 6 95 30.8	 4,463	
M6nS	 94	 6 0 100 29.9	 4,337	




The	mixture	 proportions	 of	 the	 mortars	 tested	 are	 presented	 in	Table	 6‐2.	 Besides	 the	 control	










cement	 prior	 to	 placing	 in	 the	 mixer.	 For	 each	 testing	 mixture,	 4	 mortar	 expansion	 bars	 were	
prepared	per	ASTM	C	1012	and	36,	5	cm	(2‐in),	mortar	cubes	specimens	were	prepared	per	ASTM	C	
















in	 each	 container	was	 kept	 in	 circulation	 using	 submersible	 pumps.	 To	 replenish	 the	 sulfate	 ion	
concentration	in	the	solution	(Mehta	1975),	the	solution	pH	was	manually	rebalanced	to	7.0±1	daily	

























	 M0	 M3mS	 M6mS	 M6nS	 M3mS+3nS	4	WEEKS	 0.011%	 0.009% 0.010% 0.012% 0.007%	
8	WEEKS	 0.016%	 0.012% 0.015% 0.019% 0.011%	
12	WEEKS	 0.021%	 0.017% 0.017% 0.021% 0.014%	
26	WEEKS	 0.039%	 0.028% 0.028% 0.034% 0.027%	
1	YEAR	 0.074%	 0.045% 0.043% 0.054% 0.045%	
1.5	YEAR	 0.124%	 0.056% 0.050% 0.063% 0.058%	
	 L0	 L3mS	 L6mS	 L6nS	 L3mS+3nS	4	WEEKS	 0.009%	 0.006% 0.003% 0.009% 0.008%	
8	WEEKS	 0.013%	 0.010% 0.011% 0.012% 0.010%	
12	WEEKS	 0.014%	 0.011% 0.012% 0.015% 0.013%	
26	WEEKS	 0.029%	 0.024% 0.025% 0.032% 0.025%	
1	YEAR	 0.047%	 0.041% 0.037% 0.050% 0.038%	
1.5	YEAR	 0.059%	 0.052% 0.047% 0.061% 0.048%	
	
























of	 replacement	was	 also	 not	met.	 As	 evident	 in	Figure	6‐1,	M3mS+3nS	 outperformed	M6nS	 but	
exhibited	more	expansion	that	M6mS.	It	did	perform	better	than	M6mS	during	the	first	26	weeks,	






















improvement	over	 the	 control.	After	 the	 longer	period	of	 exposure,	 the	 trend	 reversed	and	L6nS	
consistently	exhibited	more	expansion	than	the	control	(averaging	7%	more	than	L0).	The	rest	of	the	
silica	replacement	mixtures,	L3mS,	L6mS,	and	L3mS+3nS	outperformed	the	control	as	was	the	case	




over	 either.	 Similarly	 to	 cement	M,	 the	 combination	 replacement	mixture	 L3mS+3nS,	 seemed	 to	
thread	 the	 needle	 between	 L3mS	 and	 L6mS,	 performing	 on	 average	 8%	 better	 than	 L3mS	 but	
exhibiting	expansion	up	to	5%	more	than	L6mS.	Results	indicate	that	with	a	sulfate	resistant	cement	
a	smaller	dose	of	3%	mS	is	almost	as	effective	as	doubling	it	and	with	either	cement	combining	dry	
nS	with	mS	 is	not	preferable	 to	pure	mS.	With	cement	M	 increasing	 the	dose	of	mS	proved	more	







resistance	 of	 the	 mortar	 mixtures	 tested.	 To	 better	 understand	 why,	 the	 researchers	 turned	 to	
existing	 literature	 and	 supplemental	 testing.	Other	 research	with	 nS	 has	 revealed	 that	 due	 to	 its	
ultrafine	particle	size,	it	has	an	inherent	tendency	to	agglomerate	when	introduced	into	a	liquid	(L	
Senff	et	al.	2010;	Quercia	&	Brouwers	2010).	This	effect	is	characteristic	of	most	ultrafine	particles	in	




potential	 reflects	 the	 hydrodynamic	 diameter	 of	 the	 suspended	 particles	 and	 their	 potential	 for	
agglomeration.	If	the	measured	zeta	potential	absolute	value	is	more	than	30mV,	then	the	suspension	
is	 considered	 electrostatically	 stable.	 The	 zeta	 potential	 is	 sensitive	 to	 multiple	 variables	 of	 the	
solution	one	of	which	is	the	pH.	To	electrostatically	stabilize	the	solution	the	pH	must	be	away	from	
the	 isoeletric	 point	 by	more	 than	 2,	 the	 point	 at	which	 the	 zeta	 potential	 is	 essentially	 null	 and	
attractive	Van	der	Waal	forces	overcome	electrostatic	repulsion	(Jiang	et	al.	2009;	ISO	14887	2000).	
With	nS,	that	isoeletric	point	is	between	2	and	2.5	(Sieger	et	al.	2004).	Under	the	alkali	environment	




















































both	 cements,	 the	6%	nS	mortars	 actually	had	 the	 smallest	measured	volume	of	permeable	pore	
space,	8.30%	for	L6nS	and	8.65%	for	M6nS.	For	cement	L	that	is	13%	less	than	the	L6mS	mortar,	and	
for	 cement	M,	M6nS	 had	 19%	 less	 than	M6mS.	 This	 indicates	 that	 the	 agglomerated	 dry	 nS	was	
effective	at	reducing	the	porosity	of	the	mortars	whether	as	a	filler	or	through	some	refinement	of	







































and	 impermeable	 voids	 or	 larger	 entrapped	 air	 voids	 that	 do	not	 facilitate	 the	 generation	 of	 the	














not	 contribute	 to	 transport	 processes.	 Pores	 ranging	 from	 10	 to	 50	 nm	 are	 considered	 capillary	
micropores	and	although	tortuous,	these	can	in	small	part	contribute	to	permeability.	The	bulk	of	
permeability	 and	 diffusivity	 occurs	 in	 the	 interconnected	 capillary	macropores	 ranging	 from	50‐











to	 M6mS	 to	 achieve	 a	 similar	 workability	 and	 flow.	 A	 similar	 trend	 could	 be	 assumed	 for	 the	
combination	 mortar	 M3mS+3nS	 given	 that	 for	 M3mS,	 no	 HRWRA	was	 required	 but	 9	 grams	 of	
HRWRA	were	necessary	for	the	combination	mixture.	The	total	mercury	intrusion	volume	measured	






Four	 cubes	 of	 the	 sulfate	 exposed	 and	 four	 cubes	 of	 the	moisture	 room	 cured	mixtures	 for	 each	
cement	type	were	tested	in	compression	at	the	28	days,	12,	26,	and	52	weeks	(1	year).	The	results	
for	the	26	and	52	week	testing	of	cement	L	and	cement	M	are	presented	in	Figure	6‐8	and	Figure	










































3. The	 results	 also	 indicated	 that	 the	 6%	 nS	 mortar	 had	 a	 higher	 volume	 of	 pores	 in	 the	





nucleation	 sites	 that	 could	densify	 the	 cement	paste	 and	may	have	 trapped	mixing	water	
within	the	agglomerates	during	hydration	that	later	resulted	in	weak	and	permeable	zones.	
This	 was	 supported	 by	 the	 RSPT	 testing	 and	 the	 observed	 high	 HRWRA	 demand	 of	 the	






Considering	 the	many	 forms	and	gradations	of	 commercially	 available	nano	 and	micro‐silica,	 the	
effect	 of	 nS+mS	 combination	 mixtures	 on	 resistance	 to	 sulfate	 attack	 warrants	 more	 research.	
Further	testing	of	mortars	with	combined	mS	and	nS	cement	replacement,	where	the	nS	is	in	a	better	


































due	 to	 its	 inherent	 versatility,	 durability,	 and	 low	 cost,	 has	made	 it	 a	 focus	 of	 innovative	 efforts	
(Kosmatka	et	al.	2002).	These	efforts	include	improving	performance,	durability,	and	reducing	the	
associated	 high	 carbon	 cost	 of	 its	 production,	 estimated	 at	 1.6	 billion	 tons	 of	 CO2/year.	 This	
represents	 6%	 of	 the	 global	 man‐made	 CO2	 production	 (Mann	 2006).	 Concrete	 is	 a	 multi‐phase	





made	 significant	 impacts	 to	 multiple	 industries.	 Research	 into	 nano‐engineered	 construction	





attention	 is	 due	 to	 the	 material’s	 fine	 particle	 size	 and	 aggressive	 pozzolanic	 nature.	 The	 high	



















interface	more	 impermeable	 to	sulfates,	and	binding	up	 the	Ca(OH)2	 that	 is	commonly	 first	 to	be	
targeted	 for	 hydroxide	 (OH‐)	 and	 calcium	 (Ca+)	 ions	 during	 sulfate	 attack	 for	 the	 formation	 of	





























Dry Powder [15±5 nm] 
 
Dispersant was dissolved in water and then 
the nano-particles were added and 
mechanically stirred at high speed for about 
2 min. Then the other ingredients were added 
and stirred for another 1 min. 
Sulfonated naphthalene 
formaldehyde 
condensate (UNF) added 
during mechanical 
mixing of nS 
 (Li et al. 2004) 
Dry Powder [40 nm] 
60 m2/g 
nano-SiO2 particles were stirred with the 




 (Jo et al. 2007) 
30% Aq. Dispersion 
[15 nm] 
(ammonia stabilized) 




 (Dolado et al. 
2007) 
- Dry Powder 1 [20 nm] 
- Dry Powder 2 [5 nm] 
- 30% Ethylene Glycol 
Dispersion [20 nm] 
-	30% Aq. Sol. [30 nm] 
		(0.15% Na2O stab.) 
- 15% Aq. Sol. [15 nm]  
		(ammonia stab.) 
For colloidal silica, the suspension was 
directly added to the mixing water 
 
Dry nS was added to the cement and 
mechanically homogenized 
No SP used (Campillo et al. 
2004)  
30% Aq. Dispersion  
[5-15 nm] - 200 m2/g 
Cement , aggregates, and silica fume were 
dry mixed in a rotary mixer for 30 sec, then 
80% of mixing water was added and mixed 
for 30 sec, then a ready-mixed liquid 
including super plasticizer and nano-Si02 
was added to the 20% remained water and 
then the liquid poured into the rotary mixer 
slowly. The concrete mixture was mixed wet 






mixed with 20% water 
and added to mixer 
 (Zaki	&	Khaled	
.s.Ragab	2009) 
30% Aq. Dispersion  
[97-157 nm] - 51.4 
m2/g 
Mortars prepared in accordance with ASTM 
C 305
The homogenization was done previously 
with the mixing water corrected for the 
amount of water incorporated by the 
suspension. 
Polycarboxylate ether 
homogenized with the 
mixing water 
 (Tobón et al. 2010) 
45% Aq. Dispersion  
[30 nm] 
(Na2O stabilized) 
ASTM C 305 mixing procedure followed Not Discussed  (Mondal et al. 
2010) 
30% Aq. Dispersion  
[9 nm] - 300 m2/g 
(Na2O stabilized) 
Not discussed Polycarboxylate   (L	Senff	et	al.	
2010) 
15% Aq. Dispersion  
[5 nm] 
75% of mixing water added to concrete and 
mixed for 2.5 min, 25% mixing water which 
was premixed with the SP and the nS was 
added and mixed for 1.5 min 
Polycarboxylate added 
to 1/4 of mixing water 
and nS and added to 
mixer 
 (Khanzadi et al. 
2010) 
50% Aq. Dispersion  
[50-60 nm] - 80 m2/g 
nS was mixed with SP and half of the mixing 
water. Then added with the coarse aggregate 
to mixer after sand, cement, half of the 
mixing water and half of the SP content were 
mixed in pan mixer for 1 minute. 
Polycarboxylate ether 
added to mixer with 1/2 
of mixing water 
 (Nili et al. 2010) 
180	
	
30% Aq. Dispersion  
[9 nm] - 300 m2/g 
Solid components dry mixed inside a plastic 
bag for 1 min, then poured into mixing water 
with SP, mechanical mixing for 3.5 min 
Polycarboxylate added 
to water in mixer 
 (Luciano	Senff	et	
al.	2010) 
15% Aq. Dispersion  
[5-50 nm] - 364 m2/g 
nS pre-mixed with demanded amount of 
water in a mixer with special blades for 
mixing liquids 
Polycarboxylate added 
to small portion of 
mixing water in mixer 
 (Koohdaragh	&	
Mohamadi	2011) 
30% Aq. Dispersion  
[10 nm] - 345 m2/g 
(Na2O stabilized) 
(1) Mechanical mixing for 2 min at 120 rpm, 
(2) hand mixing to break up clumped cement 
particles (1 min), and (3) mechanical mixing 
for other 2 min at 60 rpm. 
Polyacrylic type 
superplasticizer added to 
mixer after nS and OPC 
was added to water 
 (Berra et al. 2012) 
50% Aq. Dispersion  
[35 nm] - 80 m2/g 
Constituent materials mixed in a mechanical 
mixer according to ASTM C 192 
Polycarboxylic acid 
added to the mixer in 
solution in the mixing 
water 
 (Said et al. 2012) 
Dry Powder [3 nm]  
710.4215 m2/g  
(lab synthesized) 
Cement, admixtures and nS blended and then 
water added 
Not Discussed  (Choolaei et al. 
2012) 
- Dry Powder [12 nm]  
200.1 m2/g  
- Dry Powder [7 nm]  
321.6 m2/g 
Mechanical mixing where nS added with 
cement and sand in mixer before adding 
water and SP or ultrasonic mixing of nS + 
water for 5 min 
Polycarboxylate SP 
added to mixer 1 min 
after water 
 (Zhang et al. 2012) 
30% Aq. Dispersion  
[10 nm] - 345 m2/g 
(Na2O stabilized) 
nS was hand-stirred in the mixing water prior 
to adding the other materials 
not used  (Peng‐kun	Hou	et	
al.	2013) 
- 30% Aq. Dispersion  
[10 nm] 
(Na2O stabilized) 
- 30% Aq. Dispersion  
[20 nm] 
(Na2O stabilized) 
For nanoclays tested (3Ønm x 1.75μm) 
blended with household blender for 3 
minutes 
 
For inert limestone powder (nanoCaCO3: 
15-40 nm) either sonicated 30 min at 15% 
wt. with water with 0.06% SP or blended for 
3 minutes in household blender 
Polycarboxylate SP 
added to nanoCaCO3 
sonicated for 30 minutes 
 (Kawashima et al. 
2013) 
30% Aq. Dispersion  
[10 nm]  
(Na2O stabilized) 
Not discussed, nS in dispersed suspension    (Pengkun	Hou	et	
al.	2013) 
Aq. Dispersion  
[25 nm] - 109 m2/g 
Water, SP and nS were premixed for 1.5 min 
at 120 rpm. Fine aggregate, cement and SF 
(if used) were mixed first for 2 min at 60 
rpm. The process was followed by addition 
of previously mixed water and SP. 
Polycarboxylate SP 
blended with water and 
nS  at 120 rpm for 1.5 
min 
 (Zapata et al. 
2013) 
Dry Powder [13 nm]  
200 m2/g  
nS was dissolved in 500 mL water with SP. 
Prior to ultra-sonication, the aq. sol. was 
hand-mixed for 1 min. The sonication period 
was 10 min at 400W. Aggregates and OPC 
were dry mixed for 1 min before adding the 
remaining mixing water. Finally, the nano-
silica aqueous solution was added into the 
wet mixture. Additional SP was added into 
the concrete mixture to keep the consistency. 
Surfactant (DARACEM 
100 HRWRA Aqueous 




Salts added during 
ultrasonication 
 (Du et al. 2014a) 
40% Aq. Dispersion  
[98.65 nm] - 51.4 m2/g 
(ammonia stabilized) 
NS-particles suspension was pre-mixed with 
the mixing water. 
Polycarboxylate SP 
homogenized with 
mixing water prior to use 
in mixer 










mixed	 in	water	 for	5	minutes.	 The	 results	 as	presented	 in	Figure	7‐1	 indicated	 that	 the	 average	
particle	size	measured	for	nS	was	7	to	10	μm	which	was	multitudes	larger	than	the	manufacturer	










attack.	 It	 is	was	 hypothesized	 that	 even	 in	 various	 degrees	 of	 agglomeration,	 nS	 could	 prove	 an	
effective	pozzolanic	admixture,	but	it	is	of	particular	interest	to	confirm	a	preferable	form	of	nS	and	
identify	a	recommended	mixing	procedure.	This	work	serves	to	directly	compare	different	dispersion	
methodologies	 and	different	HRWRA	dosing	procedures,	 and	 to	 investigate	 how	 they	 impact	 the	
sulfate	durability,	compressive	strength,	and	permeability	of	mortars.	Both	mechanical	dispersion	


















desired	 flow	per	ASTM	C	109.	 The	 fine	 aggregate	 used	 for	 the	mortars	 in	 this	 study	was	 from	a	

















Chemical	Composition	 		 		 		
Silicon	Dioxide	(SiO2),	%	 21.1	 99.5	 99.9	
Aluminum	Oxide	(Al2O3),	%	 4	 0.002	 ‐‐	
Ferric	Oxide	(Fe2O3),	%	 2	 0.001	 ‐‐	
Calcium	Oxide	(CaO),	%	 62.7	 0.002	 ‐‐	
Magnesium	Oxide	(MgO),	%	 2.1	 0.001	 ‐‐	
Sulfur	Trioxide	(SO3),	%	 2.8	 ‐‐	 ‐‐	
Loss	on	Ignition,	%	 1.8	 ‐‐	 ‐‐	
Insoluble	Residue,	%	 0.71	 ‐‐	 ‐‐	
Total	Alkali	(Na2O	+	K2O),	%	 0.59	 ‐‐	 ‐‐	
Free	Lime	(CaO),	%	 0	 		 		
Physical	Properties	 		 		 		
Time	of	Set	Initial	Vicat,	min	 145	 ‐‐	 ‐‐	
Specific	Surface	Area,	m2/g	 0.341a	 640b	 ‐‐	
325	Mesh	(45	μm),	%	passing	 ‐‐	 		 		
Avg.	Particle	Size	(APS),	μm	 20‐30c	 0.015‐0.020	 0.005‐0.035	
Per	Bogue	Calculationd	 		 		 		
Tricalcium	Silicate	(C3S),	%	 57.0	 ‐‐	 ‐‐	
Dicalcium	Silicate	(C2S),	%	 17.5	 ‐‐	 ‐‐	
Tricalcium	Aluminate	(C3A),	%	 7.2	 ‐‐	 ‐‐	
Tetracalcium	Aluminoferrite	(C4AF),	%	 6.1	 ‐‐	 ‐‐	







besides	 the	 control	 mixture	 with	 0%	 nS	 replacement,	 the	 study	 featured	 ten	 mortar	 mixtures	























Method	 Blender	 Mixer	 Cement	
Dry	
nS	 Aq.	nS	
CTRL	 n/a	 ‐‐ 5.0 100% ‐‐ ‐‐ 130%	 31.2	 4,527	
M3nS‐10‐I	 10	min.	mechanical	 ‐‐ 10.0 97% 3.0% ‐‐ 101%	 40.9	 5,926	
M3nS‐10‐II	 10	min.	mechanical	 5.0 5.0 97% 3.0% ‐‐ 95%	 48.6	 7,051	
M3nS‐10‐III	 10	min.	mechanical	 10.0 ‐‐ 97% 3.0% ‐‐ 85%	 47.1	 6,836	
M3nS‐10‐IV	 10	min.	mechanical	 10.0 5.0 97% 3.0% ‐‐ 106%	 43.5	 6,314	
M3nS‐20‐I	 20	min.	mechanical	 ‐‐ 10.0 97% 3.0% ‐‐ 84%	 47.8	 6,930	
M6nS‐10‐I	 10	min.	mechanical	 ‐‐ 20.0 94% 6.0% ‐‐ 98%	 48.8	 7,080	
M6nS‐10‐II	 10	min.	mechanical	 10.0 10.0 94% 6.0% ‐‐ 88%	 49.4	 7,158	
M6nS‐10‐III	 10	min.	mechanical	 20.0 ‐‐ 94% 6.0% ‐‐ 75%	 51.4	 7,448	
M6nS‐10‐IV	 10	min.	mechanical	 20.0 5.0 94% 6.0% ‐‐ 103%	 48.7	 7,064	
M6nS‐20‐I	 20	min.	mechanical	 ‐‐ 20.0 94.0% 6.0% ‐‐ 79%	 50.0	 7,251	
U3nS‐10	 10	min.	ultrasonic	 ‐‐ 10.0 97% 3.0% ‐‐ 109%	 44.3	 6,427	
U3nS‐20	 20	min.	ultrasonic	 ‐‐ 10.0 97% 3.0% ‐‐ 102%	 46.4	 6,737	
U6nS‐10	 10	min.	ultrasonic	 ‐‐ 20.0 94.0% 6.0% ‐‐ 90%	 49.6	 7,191	
U6nS‐20	 20	min.	ultrasonic	 ‐‐ 20.0 94% 6.0% ‐‐ 74%	 47.9	 6,951	
AQ3nS	 aqueous	solution	 ‐‐ 13.0 97.0% ‐‐ 3.0% 80%	 43.4 6,290




























For	 each	mixture,	 three	mortar	 expansion	 bars	were	 prepared	 per	 ASTM	 C	 1012	 for	measuring	
expansion	and	nine,	2‐in	(500mm)	Ø x	4‐in	(100mm),	mortar	cylinder	specimens	were	prepared	for	








sulfate	 exposure.	 After	 the	 3‐day	 lime	 solution	 cure,	 three	 mortar	 cylinders	 were	 tested	 for	
compressive	strength	to	confirm	the	minimum.	The	mortar	bars	and	three	of	the	mortar	cylinders	
were	 then	 transferred	 to	 the	5%	sodium	sulfate	solution	 tank.	The	remaining	3	cylinders	of	each	
mortar	were	kept	in	the	curing	tank	and	tested	in	compression	alongside	the	sulfate	solution	exposed	








maintained	 and	 the	 solution	was	 kept	 in	 circulation	 using	 submersible	 pumps.	 To	 replenish	 the	













































mortar	 durability.	 Note	 that	 both	 U3nS‐10	 and	 U6nS‐10	 exhibited	 less	 expansion	 than	 their	 20	











































within	 the	 target	 range.	 The	 intent	 of	 the	 Type	 IV	mortar	was	 to	 both	 optimize	 the	 effect	 of	 the	
HRWRA	as	a	dispersant	of	the	nS	during	mechanical	blending,	and	also	achieve	an	ideal	workability	
for	mixing	and	compacting	by	adding	supplemental	HRWRA	above	the	preset	dose.	At	the	3%	nS	level	



















rest.	 Actually	 the	M6nS‐10‐I	mortar	 seemed	 to	 consistently	 show	 the	 least	 expansion	 and	 these	

















only	 replaces	more	 of	 the	 C3A	 containing	 cement	 but	 also	 consumes	more	 Ca(OH)2	 through	 the	





only	 79%.	 There	 was	 a	 measurable	 warming	 of	 the	mix	 water	 with	 dry	 nS	 after	 20	 minutes	 of	
blending	 that	 reduced	 the	workability	 of	 the	mortar	 in	 its	 fresh	 state.	 In	 a	 follow	up	 continuous	
temperature	monitoring	test,	the	same	volume	of	mixing	water	with	either	3%	or	6%	nS	replacement	




therefore	 permeability.	 Although	 it	 also	 impacted	 the	 workability	 of	 M3nS‐20‐I	 (84%	 flow),	 the	
warmer	 mixing	 water	 did	 not	 seem	 to	 significantly	 affect	 its	 sulfate	 attack	 related	 expansion.	
Nevertheless	the	loss	of	workability	for	M6nS‐20‐I	was	sufficient	to	potentially	prevent	its	ability	to	
exhibit	better	resistance	to	sulfate	attack	than	the	other	mortars	in	the	6%	nS	M‐series.	Dosage	rate	











The	 control	mixture	 tested	with	 the	 lowest	overall	 permeable	void	volume	of	9.96%.	The	 lowest	
permeable	pore	volume	of	the	silica	contained	mortars	were	for	the	U3nS‐10	and	AQ6nS	mortars,	
10.49%	 and	 10.41%	 respectively.	 The	 AQ6nS	 mortar	 mixture	 that	 exhibited	 the	 best	 sulfate	
195	
	
































rapid	 temperature	 changes,	 significant	 pressure	 bursts,	 and	 400	 km/hr	 (364.5	 ft/s)	 liquid	 jet	






sonication,	 the	 water	 temperature	 increased	 4±0.1°C	 after	 20	 minutes	 indirect	 exposure	 to	 the	
ultrasonic	 bath.	 As	 reported	 in	 Table	 7‐3,	 this	 warming	 of	 the	 mixing	 water	 could	 be	 in	 part	
197	
	
responsible	 for	 the	 loss	 of	workability	which	would	 pair	with	 any	 directly	 negative	 effects	 from	
sonication.	 Warming	 of	 the	 mixing	 water,	 re‐agglomeration,	 and	 any	 other	 adverse	 effects	 of	
sonication	on	dry	nS	in	water,	could	all	contribute	to	the	negative	impact	longer	sonication	exposure	
had	on	the	absorption	and	measured	sulfate	attack	expansion.	Save	for	the	minor	reduction	between	




























structure,	 CSH	 densification,	 and	 stronger	 pozzolanic	 activity	 of	 aqueous	 solution	 nS.	 The	 RSPT	
results	 also	 indicate	 that	 the	6%	dry	nS	mortar	M6nS‐10‐I	has	 a	 lower	permeability	 than	 that	of	
AQ3nS,	 which	 has	 half	 the	 nS	 content.	 Although	 the	 water	 absorption	 results	 indicate	 that	 the	
permeable	void	volume	of	AQ3nS	is	1%	less	than	M6nS‐10‐I,	the	expansion	for	AQ3nS	at	26	weeks	is	




















and	 certain	 ranges	 of	 them	 affect	 durability	 properties	 such	 as	 permeability	 and	 diffusivity.	 To	
understand	 the	effects	of	dry	and	aqueous	nS	on	 the	pore	size	distribution	of	 the	mortars	 tested	
against	the	control,	the	MIP	test	was	performed	on	the	CNTL,	M6nS‐10‐I,	and	AQ6nS	mortar.	Those	





to	 permeability.	 The	 bulk	 of	 permeability	 and	 diffusivity	 occurs	 in	 the	 interconnected	 capillary	
macropores	ranging	from	50‐10,000	nm	(0.05	to	10	μm)	(Tobón	et	al.	2015;	Mindess	et	al.	2003;	Du	
et	 al.	 2014b).	There	 is	 stark	difference	 in	 the	 capillary	macropores	 for	 each	of	 the	 three	mortars	
tested.	The	CNTL	and	M6nS‐10‐I	mortars	exhibit	similar	peaks	but	those	between	0.05	μm	and	0.25	
μm	are	more	pronounced	for	the	6%	dry	nS	mortar.	There	is	evidence	of	some	pore	refinement	in	









rest	 (49.1%);	 those	of	 the	 control	 and	M6nS‐10‐I	 are	71.5%	and	68.4%,	 respectively.	AQ6nS	has	
31.4%	of	the	total	pore	volume	within	the	gel	and	capillary	micropore	range.	The	dry	nS	contained	
M6nS‐10‐I	has	23.7%,	and	that	of	the	CNTL	is	merely	13.2%.	The	RSPT	and	MIP	results	corroborate	
the	 sulfate	 attack	 expansion	 results	 for	 these	 three	mortars.	 They	 help	 explain	 how	 both	 6%	nS	













nS	 contained	 mortars	 show	 significant	 early	 strength	 improvements	 over	 the	 control	 which	
correlates	with	existing	research	(Singh	et	al.	2013;	Sanchez	&	Sobolev	2010;	Kawashima	et	al.	2013;	
Pengkun	Hou	et	al.	2013).	It	indicates	that	the	pozzolanic	activity	of	the	nS	has	generated	additional	
















on	 compressive	 strength.	 At	 26	 weeks	 the	 difference	 between	 the	 3%	 nS	 and	 6%	 nS	 contained	









of	 exposure	 to	 the	 5%	Na2SO4	 solution,	 the	mortars	were	 generally	 still	 experiencing	 a	 strength	
improvement	 over	 their	 water‐cured	 counterparts.	 Figure	 7‐11	 also	 includes	 a	 ratio	 of	 sulfate	
solution‐to‐water	 cured	 mortar	 strength	 ratio	 and	 for	 all	 mortars	 tested	 it	 is	 above	 1.	 This	
development	could	be	attributed	to	the	generally	observed	trend	for	initial	increases	in	strength	due	













































































cyclic	 ambient	 condition.	 This	work	 is	 still	 ongoing	 in	 order	 to	 collect	 results	 after	more	 severe	























1. The	constant	 low	humidity	 (25‐30%	RH)	and	room	temperature	 (23±2	 °C)	condition	was	
likely	unable	to	force	the	evaporative	front	of	the	sulfate	solution	below	the	surface	of	the	
specimen	 so	 subflorescence	 of	 crystalline	 Thenardite	 could	 occur.	 Subflorescence	 of	
thenardite	is	a	critical	step	towards	forcing	mirabilite	precipitation	from	the	supersaturation	
of	 the	 sulfate	 solution	 and	 result	 in	 damaging	 expansive	 stresses	within	 the	mortar	 pore	
structure	(Haynes	&	Bassuoni	2011).	A	lot	of	surface	formed	thenardite	was	observed	in	the	
form	of	efflorescence	but	that	is	considered	generally	harmless.	No	tangible	deterioration	of	
the	 mortars	 was	 observed	 as	 well.	 A	 box	 fan	 was	 added	 after	 the	 6	 month	 condition	
assessment	in	an	attempt	to	increase	the	evaporation	rate	above	the	rate	of	solution	supply	
via	capillary	action	by	moving	more	air	over	the	exposed	surfaces	of	the	samples,	see	Figure	
8‐1.	 This	was	done	 in	 an	 attempt	 to	 force	 the	 evaporative	 front	 below	 the	 surface	 of	 the	
mortars	and	hopefully	observe	an	increase	in	physical	sulfate	attack.	After	almost	another	6	






















an	 attempt	 to	 increase	 the	 aggressiveness	 of	 the	 exposure	 conditions.	 The	 original	
experimental	 set	 up	 in	 the	 environmental	 chamber	 attempted	 to	 control	 the	 hydrous	 to	
anhydrous	sulfate	phase	changes	only	via	a	cyclic	changes	from	high	to	low	RH	at	a	constant	
temperature	of	 (23±2	 °C).	The	 former	experimental	set	up	only	had	a	humidifier	on	a	RH	
controller	set	up	to	run	every	other	12	hours	to	bring	the	RH	above	80%.	Then,	an	automated	
duct	flap	would	open	and	a	vent	fan	would	come	ON	during	the	alternating	12	hours	to	rapidly	














more	microcracks	 that	 become	weak	 spots	 that	 salt	 crystallization	 can	 exploit.	 For	 these	





In	 conclusion,	 Phase	 III	 of	 the	 testing	 program	 is	 ongoing	 and	 at	 this	 time	 results	 are	 deemed	
















(C3A)	 PC	 by	 progressive	 cement	 replacement	 with	 nS	 or	mS.	 Cements	 of	 contrastingly	 different	
fineness	and	C3A	content	were	chosen	to	test	 in	combination	with	nS.	Several	mortar	mixtures	of	





of	 either	 nS,	mS,	 or	 3%	 of	 each.	 The	mortars	 tested	were	measured	 for	 expansion,	 compressive	




(nS)	 contained	 mortars	 was	 evaluated.	 Multiple	 mechanical	 or	 ultrasonic	 dispersion	 methods,	
HRWRA	dosing	procedures,	and	both	dry	and	aqueous	solution	forms	of	nS	were	used	to	prepare	a	






There	 is	 a	 third	 phase	where	 physical	 sulfate	 attack	 is	 simulated	 via	 partial	 submersion	 in	 10%	
sodium	sulfate	solution	and	either	a	constant	or	cyclic	ambient	condition.	This	work	is	still	ongoing	






poor	 dispersion	 and	 agglomeration	 of	 the	 nS	 was	 suspected	 to	 hinder	 mortar	 permeability	 in	




is	 suspected	 to	 increase	 mortar	 permeability	 and	 hinder	 the	 reported	 filler,	 paste,	 and	 ITZ	
densification	effects	of	nS.	Mortars	made	with	a	lower	Blaine	and	low	C3A	cement	paired	with	the	
agglomerated	 nanosilica	 exhibited	 more	 sulfate	 attack	 expansion	 in	 comparison	 to	 the	 control.	












































and	 would	 be	 worthwhile	 exploring.	 Testing	 programs	 that	 feature	 exposure	 of	 nS	 contained	
mixtures	 to	other	 forms	and	combinations	of	 sulfates	or	 testing	nanosilica	 contained	mixtures	 in	


















































silicate	(Alite)	 3CaO*SiO2	 Ca3SiO5	 C3S	
Dicalcium	























Hemihydrate	 CaO*SO3*0.5H2O	 CaSO4*0.5H2O CSጟH0.5











































Sጟ 	 SO3	 Sulfur	Trioxide	(Sulfite)
N	 Na2O	 Sodium	Oxide
K	 K2O	 Potassium	Oxide
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